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ABSTRACT 
Measurements of high multiplicity final states produced in relativistic heavy ion 
collisions with nuclei applicable to space radiation applications were made. The 
measurements are of particular interest for space radiation protection as validation for 
transport models and improvement of nucleus-nucleus interaction models. The silicon 
strip detector system developed for this work allows direct measurement of the high 
multiplicity events in contrast to previous experiments with transmission mounted 
monolithic silicon detectors . The silicon strip detector system was used to measure the 
nuclear fragments produced in collisions of 290 and 400A MeV 12C ions with elemental 
and composite targets at the National Institute of Radiological Sciences Heavy Ion 
Medical Accelerator in Chiba, Japan. Measurements of three and two He coincidences 
were made including the spatial distribution of the three He events. Measurements of 
charge changing, and inclusive and exclusive fragment production cross sections were 
made. The cross section results were compared directly with the nuclear fragmentation 
code NUCFRG2 where possible. The results from multiplicity measurements of three 
and two He fragments suggest that many ions contribute to the spectra observed in 
monolithic silicon detectors. Three He events were found to be composed of 
approximately 50% Li+He events and 25% true three He events. The Li events in the 
monolithic silicon detector were composed of 50% true Li events and 35% two He 
events averaged over all targets and energies. The spatial distributions of the three He 
events about the beam center are approximately 3.3° ± 1.0° averaged over all targets and 
energies. The exclusive cross sections measured compare well with the measured 
fragment production cross sections and are within 10% for all targets except H. The 
exclusive fragmentation cross sections are in good agreement with the NUCFRG2 
predictions and are typically within 10 to 20 percent for fragments from B to He. The 
charge changing cross sections are compared with several theoretical models with results 
within the errors for all but the Pb and H target data. The H target data were inferred from 
the measurements with CH2 introducing larger errors in the H target data. 
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1 Introduction 
Curiosity is the essence of humanity. The desire to see what lies beyond the horizon has 
motivated exploration through the ages. Crossing vast oceans, climbing the highest peaks 
and viewing the depths of the seas are but a few examples. In the last century we have 
begun in a small way to stretch the constraints of gravity and explore beyond the surface 
of the planet. Our probes have reached the edge of the solar system and Man has visited 
the perfect desolation of the Moon. It is inevitable that humans will continue to be 
curious and explore the solar system and beyond. Our next reasonable step in this epoch 
of vast technological and scientific expansion will be safely sending humans to Mars. 
This voyage has been forged in our collective imagination over millennia and at this 
moment in history the opportunity to visit our solar system is possible in this generation. 
To that end a great many technical and scientific barriers lie between us and Mars. 
The trip will consist of extended periods away from Earth that are at least an order of 
magnitude longer than any to date. 1 Crews will live in isolation for long periods of time 
and will experience up to a 45 minute delay in two way communications with Earth. 1 2 
They will need a self reliance well beyond what is currently allowed in space missions. 
The rigors of space travel in trans-Martian space will require a minimum 6 month journey 
with foreseeable technology and will subject humans to the dangers of deep space 
travel. 1 Psychological and physiological problems will be the greatest to overcome. The 
technical aspects of getting humans there and home are reasonably well understood, 
however the effect on the human body will be great. The physical problems associated 
with extended micro-gravity stays coupled with a radiation environment that could 
potentially cause acute and stochastic radiation affects as well as physical radiation 
damage to the central nervous system are the greatest concerns. 3 4 5 
The radiation protection of humans in space will play a major role in the final 
outcome of a proposed mission to Mars.6 7 This protection will rely on the ability of 
engineers and scientists to model the radiation environment, how it interacts with matter, 
and the possible biological outcomes for persons exposed to it. There are no natural 
1 
terrestrial analogs for the radiation, making standard radiation protection methods 
inadequate. Considerable work has been done in all three areas of this problem. Much is 
known about the space radiation environment. Currently there are probes measuring the 
radiation fields in transit to Mars. 8 Other planed missions will measure the radiation 
present on the surface. The modeling of the interaction of space radiation with matter is 
well under way in the development of transport codes. These codes will facilitate the 
design of space craft, surface habitats, and space suits that meet the needs of future Mars 
crews.9 10 11 12 The biological outcomes are the least well understood at this point, 
however, many resources have recently been brought to bear on this problem. 134 5 
The aspect of the space radiation problem evaluated in this dissertation is the 
problem of modeling radiation transport of heavy ions. Currently transport codes used in 
evaluating space radiation protection are deterministic codes developed at NASA 
Langley Research Center. 13 There are also efforts to develop Monte Carlo codes for 
these environments. 14 All of these codes require accurate models of heavy ion 
fragmentation which in tum require accurate data on the cross sections or probabilities of 
each type of possible interaction. Many of the needed cross sections have not been 
measured and new types of data are required for the improvement of fragmentation 
models. 1 This work is an effort to make new measurements that will be of interest for 
both the theoretical models of fragmentation and to add to the data base of measured 
cross sections. 
Only with accelerator based experiments can the process of fragmentation and 
secondary field production be understood and ultimately modeled for protection 
purposes. Modem transport codes used in the development of shielding for spacecraft 
rely on new data to improve fragmentation cross section data bases and accurately model 
the physics of fragmentation. As the quality of these measurements and models improve 
so do the transport calculations resulting in more effective shield design and ultimately 
the feasibility of deep space travel. 
2 
1. 1 Justification and Originality of Work 
The investigations of heavy ion collisions at space radiation energies using accelerator 
facilities have been ongoing for approximately the last 30 years. While the high energy 
physics community have in general moved on to considerably higher energy interactions, 
there are new measurements to be made for the physics and ultimately the engineering of 
space radiation protection and likewise medical heavy ion radiation therapy. The 
motivation of this work is to make new measurements for use in space radiation 
protection. Specifically the direct measurement of high multiplicity events from the 
interaction of carbon ions with various targets. These measurements will provide new 
data for the nuclear fragmentation and transport models 
This work is a departure from the experimental methods of past space radiation 
investigations. It utilizes the 1990's technology of multiple strip silicon detectors (SSD) 
for the detection of charged particles. These devices have decreased in cost by more than 
an order of magnitude in the past five years allowing small research groups access to the 
technology. These devices are used extensively in the relativistic heavy ion 
investigations for which they were developed and where the cost of development has 
been paid. The SSD allows the individual measurement of many particles simultaneously 
in the same plane. 
The novelty of this work is its application of the SSD instrument in space 
radiation investigations and the measurements of high multiplicity events from heavy ion 
collisions. These measurements are the direct observation of multiple post collision 
projectile fragments at energies important to space radiation protection. The high 
multiplicity events have been indirectly observed by the LBNL group in past 
experiments. This work will concentrate on the two and three He fragmentation events 
and the measurements of exclusive fragmentation cross sections. Additionally the charge 
changing and fragment production cross sections of these heavy ion collisions are 
measured for comparison with past experiments and inclusion in transport data bases. 
The work presented herein is the culmination of a five year relationship with the 
LBNL space radiation group. The general problems of the space radiation environment 
and protection are addressed followed by a discussion on nuclear fragmentation models 
3 
and the transport of heavy ions in a media. After this brief background to the problem the 
apparatus design is discussed in detail from conception to construction. Following is a 
section on the experiments conducted with the SSD instrument. Next is a detailed 
discussion of the analysis techniques used in both the previous experiments and the new 
methods developed for this work. Finally the results are presented and compared to 
various existing models. 
4 
2 Space Radiation Environment 
The space radiation environment is a dynamic system consisting of several sources of 
radiation of concern to crews. These sources are the Galactic Cosmic Rays (GCR), 
trapped proton and electron belts, solar particle events (SPE), and man-made sources. 
The man-made sources are eliminated from this discussion because current terrestrial 
methods of shielding are applicable. Examples are nuclear power and propulsion units 
and experiments that utilize radioisotopes. They will be an important point to consider 
for the total mission radiation planning but are not pertinent to this work. The three 
remaining categories are dynamic interconnected sources of widely varied radiation. 
The driving force of the dynamic nature of these sources is the Sun. 
2.1.1 Solar Particle Events 
The Sun's role in development oflife on Earth is undeniable and its role in our 
exploration of the solar system is equally important. The Sun is a significant source of 
radiation for all space missions. There are many pathways that the Sun contributes to the 
space radiation environment. It is the most influential object in our planetary system in 
regard to radiation mission planning. 1 5 15 Its direct contributions to the radiation 
environment are through coronal mass ejections, flares, and solar particle events. It also 
indirectly affects the space radiation environment by modulating the galactic cosmic rays 
and the trapped radiation belts of the Earth. 1513 15 
The Sun is a plasma sphere comprised of a dynamic system of competing physical 
processes. It fuses hydrogen into helium with a release of heat and radiation. This 
pressure of fusion is competing with the gravitational forces present due to its large mass. 
It also possesses a significantly complex and large magnetic field. 16 An 11 year cycle has 
been observed for centuries on the sun marked by the increase of sun spot number. 16 The 
sun spots are areas of relatively cooler solar plasma that emerge from its inner regions. 1 14 
16 This increase of sun spot number is labeled solar maximum at the point of maximum 
number of sun spots. This time also indicates an increase in the other types solar activity 
5 
including CME's, SPE's, flares and an increase in the solar wind intensity. 1 15 16 In 
contrast the Sun is relatively placid during the period of solar minimum. 
The solar particle event (SPE) has the largest impact on radiation health in space 
missions. 17 These events are the results of injection of energetic protons, electrons, 
alphas and heavy nuclei particles into interplanetary space. 18 These events are the result 
of disturbances on the surface of the sun including coronal mass ejections and flares. In 
the period of solar maximum the intensity and frequency of the SPE' s increase with one 
to two very large events per cycle on average. 1 13 14 15 These large events can be 
significant sources of radiation for crews of all space missions. Historical examples of 
these largest SPE events include the events of February 1956, August 1972, and October 
1989. 113 14 19 20 The February 1956 event pre-dates the space age and was detected by 
ground based neutron monitors. The spectrum inferred from this data indicated that it 
had the 'hardest', largest high energy particle intensity, spectrum of all observed events 
to date. The August 1972 event has the largest observed dose and was concurrent with 
the Apollo missions. The October 1989 event was marked by the largest particle fluence 
observed and was concurrent with the STS missions. 1 14 
A significant problem for space radiation protection is the prediction of these 
large events from solar observables.21 These events have the potential to deliver large 
doses with health effects ranging from acute radiation damage to death. The duration of 
most events is many hours to several days allowing time for a crew to take action to 
reduce the exposure to the radiation. Unlike low earth orbit (LEO) missions where the 
crew could return to earth to escape a large event, a deep space mission requires different 
strategies for survival. Mars mission plans currently require approximately six months 
transit time in interplanetary space exposing crew to both chronic exposure to GCR and 
potentially lethal doses from SPEs. 17 All protection strategies include shielding for all or 
part of the habitable volume of the space craft. Some plans involve the use of 'storm 
shelters' to protect crews during the several days of highest intensity of an SPE. 1 13 17 
These shelters are areas of the craft that have large amounts of shielding most of which is 
usually part of the space craft inventory such as fuel, water, food etc. 1 17 
6 
2.1.2 Trapped Ion Belts (Van Allen Belts) 
Regions of high intensity proton and electron radiation are trapped by the Earths 
magnetic field and are of concern for LEO and transit mission. These bands were 
discovered in 1958 by the Explorer 3 space craft. 16 Explorer 3 carried a Geiger-Muller 
detector developed by J. Van Allen at the University of Iowa. He noted that the count 
rate increased as the satellite's altitude increased and at apogee the count rate went to 
zero due to continuous discharge of the detector in the high intensity radiation. With 
continued studies the details of the belts were discovered. 14 The trapped radiation belts 
distribution is determined by the spatial distribution of the Earth's magnetic field. 13 The 
belts at the equatorial latitudes are high altitude and at polar latitudes are much closer to 
the surface. Because the geo-magnetosphere is not aligned with the Earth's rotational 
axis, a region known as the South Atlantic Anomaly exists where the trapped radiation 
belts are much closer to the Earth's surface than at other points of the same latitude. This 
region is of particular concern for the International Space Station whose orbit passes 
through it. 1 14 The SAA is responsible for a significant portion of the dose to ISS crews. 
Protons in the belts are continuously distributed in the belt with protons of up to 
500 MeV present. The electrons form two separate regions of high electron intensity 
with the outer belt located at approximately 4.5 earth radii. 13 The particles in the belts 
come from the spallation products of GCR interacting with the atmosphere, solar ejecta, 
and stripping interactions with anomalous GCR which are not completely ionized. These 
belts are also subject to compression and deformation by solar activity which interacts 
with the Earth's magnetic field. 13 These interactions can significantly increase the 
population of the belts and as a result the dose to crew. In addition to the increased 
population the belts can be deformed to occupy previously safe regions of the LEO 
environment. 1 
2.1.3 Galactic Cosmic Rays 
The new frontier of crewed deep space missions, future habitats on Mars and the Moon, 
and the International Space Station will present new radiation risks to astronauts from 
7 
galactic cosmic rays (GCR). For all crewed missions except Apollo, the Earth's geo-
magnetosphere afforded protection from all but the most energetic particles of the GCR. 13 
22 However, in deep space, the GCR contributes significantly to radiation exposures of 
the astronauts. 2 4 13 23 
Galactic Cosmic rays were discovered in 1912 by Victor Hess in high altitude 
balloon experiments. The existence of cosmic rays was inferred from the increase in the 
rate of discharge of an electroscope with altitude. He concluded that ionizing particles 
were traversing the electroscope and originated from outside the atmosphere. His work 
was recognized with a Nobel prize in 1936.24 As radiation detection devices became 
available more experiments were conducted to determine the nature of the cosmic rays 
discovered by Hess and became the source of high energy heavy ions for experimental 
physics in the pre-accelerator era. The muon and positron were discovered by 
experiments with galactic cosmic rays.5 14 
The space age allowed more accurate measurements of the GCR outside the 
effects of the Earth's magnetic field. Although the exact origin of the GCR is not known 
it is thought that the high energies found in the GCR spectra can be attributed to super 
nova events. 24 These events create the primary cosmic ray spectrum that consists of even 
charge number nuclei excluding H. The primary cosmic ray spectrum consists of 
particles with charge number Z of 2, 6, 8, 10, 12, 14, 16, 20 , 26, and 28. These primary 
ions then interact with the interstellar medium to produce the so called secondary GCR 
that fill in the gaps in the above charge distribution. The GCR as observed in free space 
consist of an isotropic field of ions from Hydrogen to Uranium with energies spanning 
many orders of magnitude up to the TeV range as well as electrons and positrons. 1 13 14 24 
Baryons are approximately 98% of the GCR with electron and positrons making up the 
remainder. The baryon component of the GCR consists of 87% protons, 12% helium, 
and approximately 1 % ions with charge greater than 2 in a fully ionized state. 13 14 The 
relative abundance at 2 GeV per nucleon of the baryon GCR component is seen in Figure 
2-1. 13 Of particular interest in this figure is the high abundance of the elements Fe, Si, 0, 
C and H. These are the ions used extensively in ground based experiments of GCR 
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Figure 2-1 The Relative Abundance of Heavy Ions in the GCR. 
Figure from reference 13. 
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important ion for space radiation protection purposes in the GCR is iron due to its 
prevalence in the heavy ion portion of the spectra and its resulting large contribution to 
the dose equivalent. 1 13 23 24 
The GCR spectrum in our local neighborhood of the solar system is modulated by 
the Sun. As seen in section 1.1.1 the Sun's activity follows an 11 year cycle marked by 
fluctuation in the solar wind and the solar-magnetosphere. At the point of solar 
maximum the GCR intensities are at a minimum due to the effect of the solar wind and 
magnetic field. 1 13 14 This is due to the deflection or cutoff of low energy particles in the 
magnetic field. During periods of minimum solar activity the GCR are at a maximum 
intensity. This periodic change in the intensity of the GCR can result in as much as an 
order of magnitude decline in GCR intensity at energies below 1 Ge V per nucleon (See 
Figure 2-2). 13 
As the GCR interact with spacecraft shielding and tissue, secondary ions 
are produced by nuclear interactions. 25 26 27 These interactions fragment the target and 
projectile nuclei producing lower charge ion fragments. These make up fields of 
secondary radiation that contribute significantly to the dose equivalent 1 13 14 23 28 . 
Included in this secondary field are neutrons and all elements lighter than the incident 
ions. The shielding of the GCR pose a significant challenge for extended deep space 
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Figure 2-2 Solar Modulated GCR Spectra. 
Figure from reference 13. 
106 
11 
3 Charged Particle Transport 
Heavy ion space radiation transport through shielding and body tissue is possible by 
modeling its interaction with matter. The majority of these interactions are with the 
orbital electrons of the target nuclei but also include nuclear collisions. These nuclear 
interactions create secondary particles by various processes including inelastic scattering, 
direct particle knock-out, excitation and emission, and fragmentation. 13 29 30 The high 
kinetic energy associated with space radiation heavy-ions produces secondary particles 
with large residual ranges in the media. 13 Therefore secondary particles, given enough 
material, will also undergo nuclear collisions resulting in tertiary products. With the 
presence of sufficient transport media the process will continue until only nucleons and 
mesons are present. This type of nuclear cascade is consistent with experimental results 
of cosmic ray investigations. 13 
Charged particle transport is of great importance to the effort of space radiation 
protection in the design of space craft and the prediction of doses to crew from the 
various sources of space radiation. The state of the art in charge particle transport for the 
space radiation protection problem are the BRYNTRN and HZETRN codes developed by 
the radiation transport group at NASA Langley Research Center (LaRC).31 Current 
mission shielding evaluation is performed with these codes. HZETRN is a deterministic 
high-energy heavy-ion transport code used for the evaluation of GCR. The transport is 
based on the solution of the Boltzmann transport equation for tenuous gases. 13 The 
BRYNTRN code is similar in design but is used in the evaluation of shielding for SPEs. 
The accuracy of these codes is dependent on the interaction cross sections that are 
currently produced by the NUCFRG2 nuclear fragmentation model.32 This model is 
validated by comparing its cross section with those from experiment. The transport 
calculations are validated by comparison with results of experiments with thick targets 
including engineered space craft materials.33 34 35 
12 
3. 1 Nuclear Fragmentation 
Heavy ion nuclear fragmentation is a fundamental component of the transport formalism 
and the focus of decades of research. Here we present the basic ideas that directly 
illuminate the problems considered in this experiment and the underlying physics in the 
NUCFRG2 model. The fragmentation process can be separated into two broad categories 
of nucleus-nucleus and nucleon-nucleus (spallation) interactions. 
Nucleus-nucleus interactions are characterized by a multi-step process of abrasion 
and ablation in NUCFRG2. This process was first proposed by Serber and applied by 
Bowman, Swiatecki and Tsang in the early 1970's.36 37 38 The most basic interpretation 
of the abrasion-ablation process is the simple geometric model.39 First the target and 
projectile nuclei are defined as sharp spheres. The interaction region of these spheres is 
defined by the overlap at an impact parameter b (See Figure 3-1 ). The passing of the 
projectile through the target removes material in the overlap region. This removed 
material is calculated as the intersection of a cylindrical surface with a sphere where the 
radii are the projectile and target respectively. The abrasion process creates three post-
collision pieces the target and projectile pre-fragments and the fireball. The pre-fragments 
are the remaining portion of the target and projectile and are also called spectators. The 
fireball is the combined target-projectile material that was sheared off in the collision. It 
is often referred to as the 'participant region'. This material must be removed in whole 
units of nucleon mass. The second step of this process is evaporation of particles from 
the misshapen fragments. The post collision fragments all possess excess energy. This 
excess energy is the difference between the surface area of the minimum sphere created 
with the remaining nucleons and the surface area of the fragment. During the evaporation 
stage the fragments expel photons and particles to remove this excess energy.40 In the 
Bowman model a nucleon is expelled for every 10 Me V of excess surface energy. 38 This 
simple model produces cross sections within approximately a factor of 2 of measured 
cross sections.38 Refinements of this model include the frictional spectator and 





























spectator model assumes that the additional energy is deposited in the pre-fragments from 
collisions of the nucleons in each nucleus in the overlap region.42 
The NUCFRG2 model is the nuclear cross section model used with the NASA 
transport codes to determine the radiation environment and doses delivered in mission 
evaluations. NUCFRG2 (NF2) is art abrasion-ablation model of nucleus-nucleus 
fragmentation that expands on the basic model described by Bowman et al. 38 43 32 
Modifications to this simple form are applied to better reflect the physics of the process 
of nucleus-nucleus collisions from a semi-classical perspective. The discussion and 
formulas presented below for NF2 are taken from references 32 and 43. 
First we consider the abrasion or direct knock out of particles in the nucleus-
nucleus collision. In contrast to the Bowman model NF2 takes into account the true 
trajectory of the projectile as it approaches the target nucleus. The two nuclei are 
considered as point charges with charge Zi,roj and Z1arg• The trajectory of the projectile 
nucleus is deflected due to the repulsive Coulomb force present between the target and 
projectile nuclei. This correction is incorporated in to the NF2 code by the following. 
Z Z e2 p t 3.1 
Where Zp is the projectile charge number, Z1 is the target charge number, e is the electron 
charge. rm is the distance of closest approach when the impact parameter is zero. The 
impact parameter b now becomes. 
3.2 
Where r is the distance between the two nuclei at closest approach. Note bis equal to 
zero when r is equal to rm. When r is large the interaction is dominated by Coulomb 
excitation and at smaller r values the nuclear material overlaps.43 The number of abraded 
nucleons is determined by evaluating 
~ b = FA [1-exp(-Ct IA)] ar p 3.3 
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Where Ap is the number of nucleons in the projectile, Fis the fraction of the projectile in 
the overlap region, Ct is the maximum chord length for the intersecting spheres, and A is 
the nuclear mean free path. Ct and F are parametric functions found in reference 43. The 
nuclear mean free path in fm as a function of projectile energy in MeV is defined in 
equation 3.4. 
3.4 
The exponential term in equation 3.3 is the average transmission factor and is dependent 
on the impact parameter.32 The number of spectator nucleons remaining in the projectile 
pre-fragment are calculated similarly as below. 
L\ = FA [exp(-C1 IA)] spec p 3.5 
The ratio of neutrons to protons in the projectile fragments is assumed to be the same as 
that of the projectile prior to collision. With the above determination of the number of 
nucleons in the spectator and participant parts of the projectile nucleus the ablation 
process can be modeled. 
The ablation process used by Bowman is essentially preserved in NF2 with 
several empirical corrections. The excess energy of the projectile spectator is determined 
by calculating its excess binding energy. The excess energy is the difference between the 
surface area of the deformed spectator and the minimum surface area that contains the 
number of nucleons in the spectator. The excess surface area in fm2 is calculated in NF2 
with, 
Af = 41tR; li + P - (1- F) 213 J 
Where P is a function of the relative size of the nuclei and the type of collision. This 
function is found in reference 43. The energy per unit of surface area in the Bowman 
model is assumed to be 0.95 MeV/fm2• This value is modified in NF2 to a semi-
empirical form that reflects a dependence on the number of nucleons removed. 
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3.6 
f = l +SF+ [l500-320(Ap -12)]F 3 3.7 
So that the excess surface energy of the deformed projectile spectator in MeV is given by. 
Es =0.95/f!.S 3.8 
Note that the correction approaches the value used by Bowman when the number of 
removed nucleons approaches one. This mathematical form of excess surface energy 
reflects the increasing instability of the pre-fragment as more nucleons are sheared. 
Additional excess energy is deposited in the spectator by the transfer of kinetic energy 
between the nuclei. This is due to the collisions of individual nucleons in the overlap 
region. The rate of energy loss is assumed to be 13 Me V /fin for these nucleons. This 
energy is deposited uniformly in the overlap region and it is assumed that in half of the 
interactions the energy is deposited in the projectile with the remainder deposited in the 
target spectators. This additional energy is denoted Ex. With these two sources of 
excitation energy the number of ablated nucleons is calculated using the following, 
.1 bl = ( E + E ) /10 + .1 a s x spec 3.9 
Where Es is the excitation energy due to the surface deformation and L1spec are the 
nucleons of the spectator that are emitted prior to de-excitation.43 Note it is assumed a 
nucleon is ablated for every 10 MeV or excitation energy. This is the same values used 
in the Bowman model. The total number of nucleons removed in the fragmentation 
process from the projectile is the sum of the number from ablation and abrasion 
processes. 
M = .1abr(b)+.1abl(b) 3.10 
Where the number of nucleons removed in each process is ultimately a function of impact 
parameter. The nuclear fragmentation cross sections are then determined using, 
3.11 
Where the impact parameters b1 and b2 are the parameters for removing M+l/2 and M-
1/2 nucleons from both ablation and abrasion. Next the charge distribution of the 
projectile fragments is determined. NF2 uses the Rudstam44 charge distribution as given 
below for fragments of Ar and Zr. 
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a(Af'Z f )=F1 expf-Rlz 1 -sA1 _rA}l213 }(M) 3.12 
Where R=l l.8/Ar°-45 , S = 0.486, and T = 3.8xl0-4, and F1 is a normalization factor. The 
fragment cross sections are normalized such that the sum of the fragment cross sections 
are equal to the total cross section of removal of M nucleons. The He ion production is 
maximized in the ablation process due to its especially tight binding. As many 4He ions 
are produced as possible for the number of ablated nucleon with the remaining nucleons 
sorted into ions by decreasing binding energies for mass 2 through 4 ions. The code 
calculates the cross section for the removal of 1 to Ap-1 nucleons and assumes for a 
central collision that the entire projectile is abraded to single nucleons. The extreme 
peripheral collisions where M < 0.5 are missing in NF2. The code reports the projectile 
fragment production cross sections for isotopic and elemental fragments. 
In addition to the NF2 fragmentation cross section code the data are also 
compared with the Naval Research Laboratory (NRL) semi-empirical parametric model 
developed by Silberberg and Tsao.45 46 This model is a fit to existing heavy-ion data and 
also relies on the work by Rudstam44 as seen above in the NF2 model. The equation for 
fragment cross sections is, 
Where from reference 45 
" ... cr0 is a normalization factor. The factors f(A) and f(E) apply only to products 
from heavy targets ... The factor exp(-PM) reflects the diminution in cross 
sections as the difference of target and product mass increases. The next 
exponential factor due to Rudstam ( 1966), describes the distribution of the cross 
sections of various product isotopes with mass number A, that belong to an 
element of atomic number Z ... The parameter Q is related to the nuclear 
structure and number of particle-stable levels of a product nuclide. The factor 
11depends on the paring of protons and neutrons in the product nucleus ... The 
parameter ~ is introduced to represent the enhancement of light evaporation 
products." 45 
This parameterization has been shown to agree with heavy ion data to approximately 20-
50% over a large variety of masses and energies.46 
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Nucleon-nucleus interactions are a subset of the nucleus-nucleus process. 
This process can be viewed with the same abrasion-ablation model. The overlap region 
is somewhat different as many of the collisions will be head on. Nucleons are directly 
knocked out from the collision and the target pre-fragment undergoes evaporation to 
remove excess energy. Other models of these interactions are the inter nuclear cascade 
(INC) models as applied in the cascade-fragmentation-evaporation models and the optical 
model.36 47 48 49 
3.2 Boltzmann Equation Solutions 
The standard reference for the development of space radiation transport is NASA RP 
1257 'Transport Methods and Interactions for Space Radiations'. The material presented 
below is found in detail in this reference. 13 14 
The transport of heavy-ion space radiation is based on the principle of 
conservation of mass and energy. First we define a volume of radius o in a media where 
the macroscopic interaction cross sections are defined as O)k where ions of type k interact 
to produce ions oftypej as seen in Figure 3-2. The vectors x and .Q define the center of 
the sphere and the normal to the surface element of the sphere, o2d.Q, respectively. The 
particle flux density of j particle type at x moving in .Q with energy E is defined as q>j(x, 
.Q ,E). In general we define the balance equation as the # leaving volume = # entering 
volume +gains-losses. The number of ions oftypej leaving the volume is defined as 
<l>j(x+O.O, .Q,E)o2 d.Q. The ions of type j entering the volume are defined as q>j(x-0.0, 
.Q,E)o2 d.Q. The gains are defined by the production from nuclear and atomic interactions 
of type j ions in direction .Q with energy E from interactions of type k ions traveling in 
initial direction .Q' and energy E'. Mathematically this is expressed as: 
8 
8 2dn f dlifcr .k(Q,Q',E,E')<l>k(x+/Q,Q',E')dQ'dE' 
--0 k J 
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Figure 3-2 Transport of Particles. 
Figure from reference 13. 
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8 
8 2dn fdlcr .(E)<I> .(x+ln,n,E) 
-----0 J J 
Combining these terms we get: 
8 2dQ<j>(x+8Q,Q,E) =8 2dQ<j> .(x-8Q,Q,E)+ 
J 
8 
8 2 dQ f dlI, J cr .k ( n, n', E, E')<l>k ( x + 1n, n', E')dQ' dE' + 
-----0 k J 
8 
8 2dn f di a .(E)<I> .(x+ln,n,E) 
-----0 J J 
3.15 
3.16 
The Taylor expansion on the flux <?j(x+8Q, Q,E) and retention of the terms of the order of 
83 and dividing the result by the cylindrical volume defined by the surface projection 
283 dQ results in the following: 
Q-V<j>(x,Q,E) = t Jcr jk(Q,Q',E,E')<l>k(x,Q',E')dQ'dE' 
-cr .(E) <I> . (x,Q,E)+ 0(8) 
J J 
3.17 
In the limit 8 ➔ 0, where the volume is reduced to zero, the term 0(8) approaches zero. 
The equation in 3.17 is the time independent form of the Boltzmann equation for a 
tenuous gas. The loss terms include the atomic, elastic nuclear scattering, and 
fragmentation macroscopic cross sections. 
a j ( E) = cr ;ramie ( E) + cr ;lastic ( E) + a ;uclear ( E) 3.18 
The atomic interactions are collisions between the ion and the orbital electrons of the 
target nucleus. These interactions do no change the charge of the ion or the direction by 
any appreciable amount. The energy lost to atomic excitation or ionization of the struck 
atomic electron reduces the kinetic energy of the projectile. The new energy is 
expressed as: 
E' =E+£ n 3.19 
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Where En is the excitation energy of the nth atomic level. The atomic interaction cross 
section is then expressed as: 
cr atomic (Q Q' E E') = "'cr atomic (E)() (Q. Q' -1)() . 8 (E +£ -E') 
Jk , , , ft Jn J k n 3 .20 
Use of this expression in the expansion of the cross sections in term 2 and 3 on the right 
of equation 3.17 allows the separation of the atomic macroscopic cross-sections. After 
substitution into the Boltzmann equation and expansion of the term 
cr ;~omic (E)<p; (x, Q, E +En) the Boltzmann equation becomes: 
Q-V<I> .(x,Q,E)-l_[s .(E)<I> .(x,Q,E)]+anudear(E)<I> .(x,Q,E)= 
J aE J J 1 1 
"' f lfT nuclear (Q Q' E E''vh (x Q' E')dQ' dE' 
£.., V jk ' ' ' l'I' k ' ' 
k 
The term Sj(E) is defined as the atomic stopping power or stopping power and is 
expressed as: 




This is the term that entails the bulk properties of the target-projectile system for energy 
loss due to atomic collisions of the incident ion. This is dependent on the charge, mass, 
and energy of the incident particle and the charge and mass and electronic state of the of 
the target. The stopping power is defined by the ICRU as the mean energy loss of a 
charged particle from atomic collisions with the target per unit length. In the space 
radiation problem the large kinetic energy of the incident particle and its fragments is 
considerably larger than the kinetic energy of the atomic electron. Therefore the relative 
motion of the electron can be ignored as well as assuming that the post-collision 
trajectory of the projectile is not altered.29 This is the so called 'continuous slowing 
down' approximation. The Bethe form of stopping power is 13 
3.23 
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Where zp is the projectile charge, z1 is the target charge, N is the number of targets per 
unit volume, m is the electron mass, v is the velocity of the projectile, ~ = c/v where c is 
the velocity of light, C is the shell correction term, and 11 is the mean excitation energy. 
The space radiation problem lends itself to several approximations that make the 
transport less mathematically difficult. Due to the large initial kinetic energy of the 
projectile the problem can be reduced to one dimension. The projectile fragment 
approximately travels in the same direction as the incident projectile after the nuclear 
collision. The target and projectile contributions are also separable and the target 
fragments are ignored as they can be treated as depositing their energy locally in the 
media. Thus we arrive at the straight ahead approximation of the Boltzmann Equation in 
3.21. 
[~_l_S1(E)+cr 1 }/x,E) = Im1ka A>k (x,E) dX dE k>j 3.24 
Where <l>j is the flux of type j ions at x with an energy E, Sj(E) is the stopping power per 
nucleon, crj is the macroscopic nuclear cross section, mjk is the multiplicity of type j ions 
produced by ions of type k.29 
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4 Apparatus 
The instrument developed for these experiments represents the state of the art in charged 
particle detection systems. It incorporates the recently developed two-sided silicon multi-
strip detector for the identification of charged particles produced by the interaction of the 
beam ions with the target media.50 51 52 53 The multi-strip design allows individual 
detection of multiple fragmentation products and their spatial orientation. 54 55 This is in 
contrast to the previous detector system used for these experiments which used 
transmission mount monolithic silicon detectors where resolution of high multiplicity 
events was inferred. 
4. 1 Concept and Detector Design 
The silicon strip detector system was designed to interface with and complement the 
existing heavy ion fragmentation apparatus of the Lawrence Berkeley National 
Laboratory NASA space radiation group. The existing apparatus consisted of several 
transmission mount and monolithic-position sensitive silicon detectors of various sizes 
interfaced with CAMAC and NIM electronics.56 57 58 59 60 The inherent limitations of this 
system are its inability to distinguish between multiple simultaneous interaction products. 
The nuclear fragmentation process on average produces many projectile fragments. 
These fragments are then detected in a single silicon wafer and produce a signal that is 
proportional to the sum of the square of each fragment's charge. 60 
z •ff = -J~ z ,' 4.1 
The Bethe formula for dE/dx illustrates this dependence on z2 as seen in equation 3.23. 
The effect is that multiple simultaneous interaction products produce signals from the 
detector that do not reflect all of the participants. As an simple example consider the 
fragmentation of a carbon ion. It is important to note the resolution of the detector for 
these experiments.60 As particles undergo fragmentation they produce secondaries with 
widely varying kinetic energies due to the inelastic nature of the collisions. The energy 
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deposition in the silicon detector is not only dependant on the charge of the particle but 
also its kinetic energy.61 Therefore the detector signal is spread over a range of values 
and is approximately Gaussianly distributed. The widths of these distributions 
determined from experiment are approximately± 0.5 Zerr for two standard deviations. 
Returning to our example, the first fragmentation produces a boron ( charge 5) and a 
hydrogen (charge 1) ion. The effective charge detected is 5.10 charge units. This is 
indistinguishable from a single charge 5 ion. Now consider the case where fragmentation 
produces three helium particles and due to the large transverse momenta of the particles 
only two enter the detector.62 63 64 The effective charge of these two particles is 2.83 
charge units. This event would be categorized a lithium, charge 3, fragment. This 
illustrates the need to have multiple small detectors in the plane of detection. This is 
accomplished by the use of a silicon strip detector where a single wafer of silicon is 
fabricated to have multiple parallel detection volumes. Each volume has its own 
electronics and acts like an independent silicon detector when ignoring the affects of 
charge sharing. 53 
This prototype instrument was designed to interface with the existing apparatus 
and to utilize the existing ADC and data collection capabilities of the experiment. The 
SSD instrument consists of the silicon strip detector, a mother board, daughter cards, and 
BNC input and output connectors. The daughter cards contain the pre-amplifier, shaper-
amplifier, and automated calibration circuits for the negatively charged pulse from the y-
axis of the detector. Due to funding constraints the x-axis positive signals are connected 
to external pre-amplifiers already in the inventory of the LBNL group. These pre-
amplifiers are placed as close as possible to the SSD to reduce the noise in the signal. 
The output of the x-axis pre-amplifiers are then input to NIM shaper amplifiers in close 
proximity to the experiment. All of the shaped output signals are routed approximately 
100 m from the experimental room to the counting room via BNC coaxial cable. In the 
counting room the signals are processed by the 11 bit CAMAC ADC units. The digitized 
signals are then stored to disk via a VAX 3100 for latter processing. A VAX 4060 
running proprietary data acquisition software developed at LBNL is used for live data 
plotting to monitor the progress of the experiments. 
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4.1.1 Silicon Strip Detector 
The silicon strip detector works by the same principles as a conventional silicon detector. 
A depletion layer is formed at the junction of then and p type semiconductor materials. 
In the presence of a reverse bias voltage this depletion layer is enhanced and can include 
the entire detector volume.65 66 67 This active volume or depletion layer is where ion 
pairs are created by the passing of an ionizing particle. The electric field created by the 
reverse bias high voltage cause the ion pairs to migrate to either the anode or cathode for 
charge collection.67 The number of ion pairs created is related to the charge and energy 
of the incident particle. This is seen in the Bethe-Bloch relation where the energy loss 
per unit length is related to the square of charge and kinetic energy.66 67 The detector 
signal is the collected charge and is proportional to the identity (charge) and energy of the 
particle.66 67 68 69 For silicon the amount of charge liberated per MeV of deposited energy 
is 0.0444 pC/MeV.66 
The silicon strip detector is a refinement of the standard silicon detector. The 
photolithography methods used in integrated circuit chip construction can be applied to 
detector fabrication. This allows very minute physical structures to be engineered into 
the detector. In the case of the silicon strip detector small strips of properly doped silicon 
are constructed parallel to each other on the detector. This is the single sided silicon strip 
detector. This type of detector can provide positional information for one axis.70 71 
In contrast the double sided silicon strip detector consists of several individual 
strips of n and p type silicon. The strips on one side are all n-type with orthogonal strips 
of p-type on the reverse.72 This creates pseudo pixels where the strips intersect. Each 
overlap region creates its own active volume thus acting as a single silicon detector. For 
a 16 n-strip by 16 p-strip detector a total of 256 individual detector pixels will result. 
This density of small pseudo detectors does not suffer from the same pileup of particles 
from high multiplicity events as a single wafer silicon detector. The n and p type strip 
construction results in both positive and negative signals from the detector requiring 
different electronics for each. 73 The typical strip widths range from hundreds to 
h d f . . h . . f f . 66 10 11 14 1s t ousan s o micrometers wit stnp separations o tens o micrometers. 
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Silicon strip detectors allow the measurement of particle position due to the strip 
nature of the detector and the division of collected charge.76 Silicon micro strip detectors 
are used in many experiments where particle position is critical. 51 54 This type of 
detector further expands the number of detector elements and the support electronics. 
The electric field of two parallel strips influences the migration of charge produced by a 
passing particle. 77 Typically the position is determined by the center of mass method. 
This assumes that the charge sharing between strips is linear. For large pitch strip 
detectors as the one used in this experiment the charge sharing region is small.78 79 If the 
ionizing particle does not physical pass between the two strips or very close to their 
shared edge all of the liberated charge is collected by the single strip. 
The silicon strip detector (SSD) used in this experiment is a double-sided type 
with a wafer thickness of 486 micro-meters produced by Micron Semiconductor LTD. 
This detector is of the 16 X 16 strip variety with a strip pitch of 3 .125 mm and strip width 
of 3.00 mm. The width and height of the active area is 49.5 mm yielding an active area of 
2450.25 mm. The operating voltage range is 40 to 140 VDC with full depletion achieved 
at 97.9 VDC. The silicon wafer is attached to a 34-pin double row header for interface to 
external electronics with ground at pin 16 and 17. The pin configuration is seen in Table 
4.1. 
Table 4.1 Silicon Strip Detector Pin Configuration. 
Pin# SSDX Pin# SSDY Pin# SSDX Pin# SSDY 
2 16 20 9 19 1 
4 2 3 15 22 10 21 2 
6 3 5 14 24 11 23 3 
8 4 7 13 26 12 25 4 
10 5 9 12 28 13 27 5 
12 6 11 11 30 14 29 6 
14 7 13 IO 32 15 31 7 
16 8 15 9 34 16 33 8 
18 GND 17 GND 
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4.1.2 Pre, Shaper, and Buffer Amplifiers 
The signal produced by the passing of an ionizing particle is small and subject to the 
influence of noise. To reduce this influence the pre-amplifiers were to be placed as close 
as possible to the SSD to reduce the path length of transmission lines that would increase 
the AC noise present in the signals. Therefore the preamps were installed on daughter 
boards that were connected to the SSD signal router board where possible. The x-axis 
signals were routed to external pre-amps. 
The preamps selected for the negative signals from the y-axis strips is a self 
contained unit produced by the AMPTEK corporation. The device is the AMPTEK 
A225F charge sensitive preamplifier and shaper. It physical size is small due to its 
Single-In-Line (SIP) package with 6 pins. The pin configuration is listed in Table 4.2. 
The amplifiers have a sensitivity of204mV/MeV (Si) with noise of 2.5KeV FWHM in 
silicon. The operational current is 2.3 mA with an output sensitivity of 0.005%N over 
the range of voltages from 10 to 25 VDC. The A225F requires a positive polarity DC 
voltage between +4 and +24 VDC. The temperature stability of the output is 0.02%/C0 at 
25 C0 • The output of the A225F has a peaking time of 2.4µs. The larger A225 unit also 
has a fast signal output for timing purposes. The A225F allows for variable gain by 
introducing external components between pins 1 and 5. In our design a socket is placed 
in these positions to allow changing the gain by exchanging the resistor and capacitor in 
the feed back circuit. Additionally a resistor voltage divider network is placed between 
the output at pin 6 and the buffer amplifiers to allow fine tuning of the signal output 
voltage. The gain is set for each experiment to allow maximum use of the ADC range. 
There are no external controls for the built-in shaping amplifier of the A22F. 
Table 4.2 AMPTEK A225F Pin Configuration. 
Pin 1 Input 
Pin2 Ground 
Pin 3 Compensation 
Pin4 + Voltage 
Pin 5 Timing Pulse 
Pin 6 Output 
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A buffer amplifier is used to boost the signal strength and match the impedance of 
the coaxial cable used. The BUF04 has unity gain and provides the power needed to 
deliver the shaped signal to the ADC via approximately l 00 meters of BNC coaxial 
cable. The BUF04 unit requires both positive and negative polarity DC voltages ranging 
from ± 5 and ± 20 VDC. 
4.1.3 Calibration 
The calibration system allows the automated calibration of each amplifier circuit and all 
associated electronics including the ADC and acquisition system. The system deposits a 
known amount of charge in the input of the preamplifier. From there the signal is 
processed the same as a charge pulse from the silicon detector. The system consists of a 
computer, digital-to-analog converter (DAC), external trigger, and special circuits for 
each preamplifier. 
The heart of the system is the calibration circuit. Each preamplifier board has a 
dual one-shot multi-vibrator chip MC14528 that has an external trigger input. The 
external trigger provides a positive pulse at a selected frequency between 10 to 1000 Hz. 
This trigger causes the multi-vibrator circuit to send a pulse signal to the gate transistor at 
each preamplifier for each input trigger pulse. The transistor opens the circuit allowing 
the op-amp LF442 circuit to send a charge pulse via the precision capacitor network. The 
charge delivered is related to the DC voltage supplied to the op-amp from the ADC and 
the setting of the precision capacitor network via the relation Q = V*C. Where Vis the 
ADC voltage and C is the capacitance of the circuit. This charge is set to reflect the 
operational characteristics of the silicon detector in each experiment. This pulse is 
delivered to the input of the preamplifier (See Figure 4-1). 
A program running on the VAX DAQ system sends signals to the DAC to 
produce DC voltage values that span the operational range of the expected inputs for a 
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Figure 4-1 Amplifier and Calibration Schematic. 
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SIGNAL OUT 
data and provide a calibration of the entire electronic system. The data are then analyzed 
off line to determine the slope and intercept of the amplifier response to the known input. 
This information is then used in the analysis of the experimental data. 
4.1.4 Electronic Board Design and Signal Routing 
The circuits are realized by the use of standard multi-layer copper-epoxy PC boards. The 
boards were designed with Eagle CAD software and produced directly from the 
electronic files created from this program using computer aided fabrication processes. 
All parts of the process were performed using this data including the drilling of all holes 
and the inter-layer through connections called 'vias'. The use of multi-layer boards 
facilitated the compactness of the design and the shielding qualities of the signal traces. 
Signals are routed from the detector to the amp boards via the mother board. Care 
was taken to isolate the small amplitude input signals from each other and the 
electromagnetic environment of the experiment. This was accomplished by routing the 
detector signals into shielded paths created by the three layer construction of the mother 
board. The top and bottom layer are solid planes of copper, the inner layer is made up of 
alternating signal traces and ground traces. The SSD was designed with insufficient 
ground connections requiring significant rerouting of the signals. The detector only has 
two ground pins requiring a ground bus system at the detector socket to distribute the 
ground to all intermediate traces. This design results in good external noise suppression 
(See Figure 4-2). Similar traces are also designed to distribute the input signal to the 
preamplifier input. The mother-board also contains the circuits to distribute the DC 
supply voltages, the DC calibration voltages and calibration trigger. 
The design of the amplifier boards reflects the concern for noise suppression in 
the un-amplified signals. The amp-boards are of a six layer type to allow shielding of the 
input signals. The amp boards connect with locking ribbon cable connectors to the 
mother board passing the signals and the various voltages. The input signals are split into 
two groups of four and routed to different layers to reduce the area of the board. The two 
signal planes are sandwiched between two ground planes and a center separating ground 




Figure 4-2 Router Board Signal Layer. 
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techniques the center layer containing the ground plane is duplicated in layers 3 and 4 
(See Figure 4-6). 
On the output side of the buffer-amplifier the signals are routed to a parallel bus 
and then to a ribbon cable connector (See Figure 4-3). The cables were specially 
constructed with Lerno coaxial type cable and special locking connectors to insure low 
noise. This cable was then connected to a break out board that contained BNC cable 
connectors (See Figure 4-4). The signal then passes via cable to the counting room and 
ultimately to the ADC units. All connections in the counting room are made via BNC or 
Lerno cables. The supply voltages for the amplifier circuits consist of three DC voltages 
input via BNC connectors from the voltage supply units. The detector bias high voltage 
was supplied through a SHV connector and distributed through an external bias supply 
network. This network uses 1 MQ blocking resistor at each pre-amp input. The DC 
calibration voltage is input via a Bumdy connector with 8 inputs (See Figure 4-5). All 
voltage distribution busses are seen on the outside perimeter of the amp-boards or in the 
center around the input signal traces. 
4.1.5 Counting Room 
The counting room contains the high-voltage supplies for the detectors, ADC units, 
trigger logic, and data acquisition (DAQ) system including VAX computers. The event 
trigger system is a hardware logic system that uses the input of selected detectors to 
trigger the collection of data. A discriminator is used to select the range of acceptable 
values of a particular detector and the signals are combined via logic modules to 
determine a good event. This system allows many trigger configurations that can be 
changed for each experiment. 80 
Amplified signals arrive in the counting room via BNC cables and were routed to 
ADC units. The CAMAC ADCs were Analog Devices AD811 with 11 bit resolution in 
both the 2 VDC and 8VDC versions with digitizing time for both units of 80 µs with a 
1000 Q input impedance. The y-axis signals were routed to the 2 V units and the x-axis 
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Figure 4-3 Amplifier-Calibration Board. 
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• 
Figure 4-4 BNC Signal Output Router Board. 
Figure 4-5 Calibration-DC Voltage Input Board. 
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signals were routed to the 8 V units. The CAMAC output from the ADC's are read by a 
Micro-programmed Branch Divider (MBD) at a rate of 4µs per byte and then passed to 
the VAX 3100 computer. The MBD reads and stores the triggered events during each 
beam spill. The MBD passes the events to the VAX system after the beam spill to 
reduce the dead time due to transfer times between the two. 59 Events were stored on disk 
in micro-star hexadecimal format for further processing off line. 
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5 Experiment 
The experiments were conducted to measure the secondary fragmentation spectra of high 
energy heavy ions interacting with various target materials. The experimental parameters 
are constrained to yield situations similar to those of space missions and allow 
measurements that will contribute to protection from space radiations of interest to 
NASA. These experiments simulate the GCR constituents over a range of probable 
energy values. The experiments conducted by the LBNL group consist of heavy ion 
beams in the range of lO0's to l000's ofMeV per nucleon laboratory kinetic energy with 
ion types ranging from H to Fe. In this particular series of measurements IA GeV 56Fe, 
290A MeV 12C and 400A MeV 12C ions are chosen. These experiments use depleted 
silicon transmissions mount and silicon strip detectors to measure ~E deposited. This 
information is used to determine the particle identity. The measurements presented are 
from two different experimental runs conducted at the Brookhaven National Laboratory 
Alternating Gradient Synchrotron (AGS) and the Heavy Ion Medical Accelerator at 
Chiba (HIMAC) in early 2001. 
5. 1 Alternating Gradient Synchrotron 
The AGS runs were the trial runs of the prototype SSD system and its full integration into 
the existing experimental system. A beam of approximately l .0A GeV 56Fe ions was 
the subject of the experiment with several composite and elemental targets.80 The data 
from this run has not been used for detailed analysis but only in the capacity to analyze 
the operation of the SSD. To that extent the run was a success. Many technical problems 
were identified and corrected for the subsequent runs at the HIMAC accelerator a month 
later. The problems identified were an incorrect detector bias network connection, signal 
cross talk in output ribbon cables connecting the amp-boards to the BNC break out 
boards, ADC Gate timing, and calibration circuit problems particularly in the number 7 
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amp position where the detector bias HV is introduced. A significant effort was made to 
correct the problems in the three week interval between the AGS and HIMAC runs. 
5.2 HIMAC 
The Heavy Ion Medical Accelerator in Chiba, HIMAC, is part of the National Institute 
for Radiological Sciences (NIRS) a Japanese national laboratory and medical center for 
the treatment and research of cancer with heavy ion beams located in Chiba, Japan. The 
facility also conducts basic physics research with the accelerator facilities. The HIMAC 
facility is a heavy ion synchrotron with the ability to accelerate ions from 100 to 800A 
Me V. The facility is unique in that it offers two separate accelerator rings, one on top of 
the other, to deliver two different ions at differing energies to a single patient. Three 60 
kV ion sources are available, the Penning Ionization Gauge (PIG) and two Electron 
Cyclotron Resonance (ERC) sources of 10 and 18 GHz. The second stage of acceleration 
is a two part linear accelerator system. This produces an ion with an energy ofup to 6A 
Me V. The final stage of acceleration is the synchrotron ring of 42 m diameter. They are 
capable of acceleration particles from He to Ar. In these experiments the HIMAC 
provided 12C beams at 290 and 400A MeV nominal beam exit energy. The experiment 
with the SSD was conducted on two separate days with the 290A MeV run first followed 
in three days by the 400A Me V run. The experiments were conducted during the night in 
12 hour shifts following the daily clinical treatment schedule. 
The SSD system is comprised of 32 individual detector systems each consisting of 
a detector, preamplifier, shaper-amplifier, calibration circuit, and ADC. It is essential 
that all components in this chain, for all detector elements, be working properly and 
calibrated. The process of setting the instrument for a particular experiment is outlined 
below in step wise fashion as conducted at HIMAC. Most of this procedure was 
conducted on a test bench using an oscilloscope to observe the analog signals from each 
system. 
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In the planning stages of the experiment an energy loss program developed by 
Zeitlin is used to model the energy deposited by beam ions in each detector.57 The input 
to this code is a file describing the detailed experimental setup including detector 
placement and thickness and target placement and thickness. This provides the code with 
the materials on the beam line from beam exit to the last detector element in the 
experiment including the air in between elements and the aluminized-Mylar windows for 
the detectors. The code uses the Bethe-Bloch relation with density corrections by 
Sternheimer 81 to determine the energy of the incident ions along the path and the total 
energy loss in a particular detector. The energy loss in the detector volume is vital to 
properly setting the detector gains. In the case of the experiments proposed the largest 
value of deposited energy in the SSD was approximately 1.4 MeV. This value defines 
the detector settings and a value of 100 m V output was selected for each 1 Me V of 
deposited energy. For silicon detectors the amount of charge liberated by lMeV of 
deposited energy is 0.0444 pC.66 Therefore we expect a value of approximately 1.4 V 
output for a nominal incident carbon ion. The 11-bit 2V ADC yielding approximately 
1 m V for each ADC bit. 
Next with the calibration value determined the 32 SSD amplifier gains must be 
set. Setting the A225F amplifier gain requires a precisely known charge. This is 
accomplished using a precision capacitor and Ortec research pulser voltage supply as the 
detector signal input. The precision capacitor of 4.438 pF and a voltage of 0.200 V is 
used to create a 20 MeV (Si) equivalent charge input of0.888 pC. With the above 20 
MeV (Si) equivalent input the variable resistance of the voltage divider network is 
adjusted to yield an output voltage of 2.00 V as measured using a dual trace oscilloscope. 
Once the amplifier gain is properly set the calibration circuit is set to this reference. 
The calibration circuit requires a trigger pulse and a DC voltage. For the bench 
top calibration a 5.00 VDC input and a 10 Hz trigger are used. This frequency allows the 
calibration peak to be distinguished from the direct input of the precision capacitor which 
is set to 100 Hz on the research pulser. The calibration circuit capacitor network is then 
adjusted so that the output signal of the calibration pulse matches the output from the 
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simulated detector input of the Ortec research pulser. This procedure calibrates the 5 
VDC input to the calibration circuit to 20 Me V of deposited energy in silicon. 
5.2.1 Experimental Layout 
The layout of this experiment follows that of previous LBL HIMAC experiments 
excluding the SSD. The experimental beam line layout is seen in Figure 5-1. The basic 
layout includes detectors before and after the target. The pre-target detectors include 
triggering detectors and position sensitive detectors(PSD). These detectors are used to 
determine the nature of ions before they reach the target. The post target detectors 
include standard transmission mount detectors, PSDs, plastic scintilators, and Nal 
detectors. These are used to measure the fragments produced by interactions in the 
targets. The detector types and thicknesses are seen in 
Table 5.1. The triggering detectors are the Tr and the d3mmU. The 'good' event trigger 
is the coincidence of these two detectors with both discriminated at a lower threshold of 
80% of incident 12C beam energy. The distance is measured from the average target 
center to the detector. The acceptance angle is the half-angle of the cone formed by the 
detector at its distance from the target. Negative distances indicate detectors up-stream of 
the target. This layout was the same for both experimental runs. 
The physical setup at HIMAC was much easier due to the open floor space of the 
facility. The detectors were placed on experimental tables that could be moved about the 
floor. The alignment of the experimental elements was accomplished using a surveying 
transit. Each element was placed on its table and aligned starting closest to the beam. 
The LBNL detector box was the first element. This box is designed to allow transmission 
mount silicon detectors to be mounted on pc board cards. The cards provide the electrical 
connections to the preamplifier and repeatable alignment of the detectors. The box has 
16 slots each 2 cm apart with the first four detectors placed in slots 12, 13, 14, and 15. 
The targets are also mounted on cards and placed in the last slot #16. The SSD detector 
system is the next element on the beam line and is housed in an aluminum enclosure. 


























Table 5.1 Detector Properties for HIMAC Experiment. 
Detector Thickness Radius (cm) Approximate Distance Acceptance 
(cm) Area (mm2) from Target Angle (deg.) 
(cm) 
TR 0.0330 0.39 50 -8.8 
d3mmU 0.3061 1.15 415 -6.8 
PSDYl 0.0869 2.0 1400 -4.8 
PSDXl 0.1041 2.0 1400 -2.8 
SSD 0.0486 4.95 square 2450.3 25.9 5.5 
PSDY2 0.1024 2.0 1400 75 .3 1.5 
PSDX2 0.1010 2.0 1400 77.3 1.5 
d3mml 0.3058 1.15 415 90.3 0.7 
d3mm2 0.3078 1.15 415 92.3 0.7 
Scint 1 0.60 10.0 square 10,000 112.6 2.5 
Scint 2 0.60 10.0 square 10,000 375.8 0.8 
Nal 12.70 6.35 12,660 376.8 1.0 
height and 60 cm in length. The housing provides a baffle between the electronics and the 
detector and aluminized Mylar windows to reduce noise from light at the beam aperture. 
Additionally the box is sealed with tape to make it as light tight as possible. The 
electronics are accessible via a hinged door, thereby reducing possibility of disturbing the 
detector. Following the SSD box is a cylindrical paddle containing two PSD detectors 
oriented orthogonally with the y-axis closest to the beam. This is followed by a pair of 
3mm detectors also mounted in a paddle. Finally the silicon array is followed by a time 
of flight apparatus comprised of a two plastic scintiator detectors coupled with photo-
multiplier tubes and a sodium iodide detector (See Figure 5-2). The experimental 
analysis presented here does not utilize the time of flight or d3mm detectors. 
A NIM rack was setup in the experimental room to accommodate support 
electronics. The electronics installed in the mid-station were power supplies, shaper 
amplifiers for the SSD x-axis signals and patch panels for routing signals to the counting 
room. The counting room housed the logic circuits, ADC, DAC, calibration pulsers, HV 




Figure 5-2 HIMAC Beam Line Arrangement. 
5.2.2 Materials 
The targets measured in this experiment were selected due to their interest as validation 
and cross section data for space radiation transport codes and fragmentation models. The 
target elemental masses span a large range. There were four elemental targets and one 
composite. The composite was used to determine the relevant cross sections for 
Hydrogen in addition to its interest for space radiation shielding. The materials are listed 
in Table 5.2 and Table 5.3 for each run. Target areal densities were selected for each 
experiment to yield approximately the same LET values post target in order to allow gain 
settings for the preamps to be preserved between runs. They are presented in 
chronological order and listed by experimental run number. The composite material 
polyethylene (CH2) is examined for several reasons. First it is used to indirectly access 
the H target cross sections. It is also used in some approximations as a substitute for 
tissue. Additionally it is currently being used as shielding for crew sleeping quarters on 
the International Space Station. Previous studies by this experimental group have shown 
its effectiveness as a shield material.34 35 
Table 5.2 Target Material Properties for 290A MeV HIMAC Runs. 
Run# Type Density (g/cm ) Areal Density (g/cm) Thickness ( cm) 
5004 Al 2.702 1.74 0.644 
5005 64Cu 8.9331 4.475 0.510 
5007 CH2 0.899 1.98 2.20 
5010 12c 1.50 1.99 1.326 
5012 201Pb 11.342 6.80 0.600 
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Table 5.3 Target Material Properties for 400A MeV HIMAC Runs. 
Run# Type Density (g/cm ) Areal Density (g/cm ) Thickness ( cm) 
5306 Pb 11.342 4.54 0.400 
5307 CH2 0.899 2.85 3.170 
5309 21Al 2.702 3.50 1.295 
5310 64Cu 8.9331 4.47 0.500 
5312 12c 1.50 3.60 2.40 
5.2.3 290A MeV Carbon-12 
The 290A MeV 12C runs were the first runs following the modifications made from the 
experience at the AGS. New Lerno-ribbon cables were constructed for output signal 
routing, the detector bias network was repaired, the spare SSD was repaired, and a full set 
of x-axis LBNL preamps were available. The gain settings were set for the beam 
characteristics of the HIMAC and the calibration settings were set accordingly as outlined 
above. The 100 Me V gain settings were selected for the LBNL preamps yielding 1 0VDC 
output at 100 MeV (Si). This translates to the same gain settings applied to the SSD y-
axis electronics of 100 m V for each 1 Me V (Si). The detector bias voltage was set to 100 
VDC with a current of 3.3 µA. The A225F and BUF04 positive voltage was set to+ 15 
VDC and the BUF04 negative voltage was set to -15 VDC. 
Several problems were identified during the course of the 290A MeV runs. Four 
strips were identified as non-working with x-9 exhibiting bimodal output, and x-1, x-12, 
y-9, y-16 with no output above noise. Attempts were made to repair the detector during 
the run with no success. Signal cross talk was also identified in the output signals of y-
axis detectors during the off-line analysis of the data. The run was concluded with a 
calibration run and a random pulser run for amplifier pedestal measurements. 
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5.2.4 400A MeV Carbon-12 
During the 3 day period between the 290 and 400A MeV runs several additional 
modifications were made to the detector. The output signals from the y-axis amplifiers 
were rerouted to reduce the cross talk identified in the 290A MeV runs. The odd 
numbered traces were drilled out at the output point between the BUF04 amplifier. 
These drilled out traces were then grounded to provide shielding for the remaining even 
numbered traces. The odd traces were wired to the output connector using Lerno cable. 
The coaxial cable shielding provided improvement in the cross talk at output. Channels 5 
and 7 were noted to have particularly large amounts of cross talk in both y and x axis 
boards indicating a design or manufacturing flaw. The other electrical components were 
checked for loose or 'cold' solder joints, some were identified and repaired. The non-
working strips were reduced in the 400A MeV run to x-1, x-9, x-13, and y-16. 
Upon finishing the rerouting of the output signal traces and replacement and 
repair of other components the amplifier gain and calibration settings were returned to the 
above settings following the same procedure. The detector bias voltage was set to 100 
VDC with a current of2.9 µA. The A225F and BUF04 positive voltage was set to+ 15 
VDC and the BUF04 negative voltage was set to -15 VDC. 
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6 Data Analysis 
Many new challenges were faced in the analysis of the SSD data. This analysis represents 
a significant departure from the methods used for previous LBNL experiments. First the 
number of detector elements is approximately a factor of 2 to 3 larger than in previous 
experiments. 56 58 60 The most significant challenge is the nature of the data themselves. 
In previous measurements the data were analyzed using the Physics Analysis 
Workstation (PAW) from CERN. 82 The data structure used in PAW for the previous 
analysis is a vector format or n-tuple in PAW. These n-tuples are operated on as column 
vectors where the elements of the vector are the data from one detector. Therefore, there 
is one vector for each detector plus other vectors containing information such as event 
number etc. Problems arise in the analysis of the SSD data because the data must be 
analyzed on an event by event basis over all the detectors. In PAW each SSD strip is an 
individual detector or vector and PAW will not accommodate manipulation of the data in 
an event by event fashion. This seriously limits the type of analysis possible within 
PAW. Therefore PAW is used in the analysis where applicable but a proprietary analysis 
package was developed by the author to evaluate the SSD data. 
Analysis of the data for these experiments is well established in the literature for 
the non SSD data.59 60 Therefore the methods of Zeitlin et al are followed for the analysis 
of charge changing and fragment production cross sections from the transmission mount 
silicon detectors PSD2.60 The challenge is the incorporation of the new SSD data that 
include the simultaneous measurement of multiple fragmentation products. This analysis 
required the creation of specialized methods and software. The results are new 
information previously obscured in the data of the transmission type detectors. Beyond 
this ability the SSD data allows the measurement of spatial distribution of fragments and 
exclusive cross sections. 
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6.1 Standard PAW Analysis 
The analysis of data from the non SSD detectors was accomplished in PAW as in 
. . 58 59 60 65 Th d d d d · h · b previous expenments. e raw ata as recor e unng t e expenment must e 
processed for use with the PAW package. The data are recorded in a hexadecimal format 
for each event and written to disk. The string of information starts with the event number 
and then follows the beam line arrangement writing the detector signal output from beam 
exit to the last detector element. The software developed by Zeitlin converts the raw data 
to PAW binary n-tuple form and is called Write _PAW. The software reads data from the 
event file and searches for good event headers. Once found the data is read, processed 
for format, calibration applied if available and written to a PAW n-tuple file. This 
program allows the user to create new n-tuple elements that are the sums of existing data 
during runtime. Once processed the data n-tuple files are evaluated in PAW. 
PAW analysis starts with the determination of calibration factors to change ADC 
bin number to energy deposited (dE) and allow for amplifier operation parameters. Once 
these corrections factors are determined for each detector calibration data files are created 
for use by Write_P AW. The data is reprocessed using Write_PAW to apply the 
calibration to the data. This is the final processing of data for use in PAW for the 
standard analysis. 
6.1.1 Physics Analysis Workstation Basics 
The analyses of data from the space radiation experiments are typically done using the 
PAW analysis package. PAW is a command line interface that allows users to 
manipulate large data sets typical of high energy physics experiments. The version of 
PAW used here is 2.09 for windows OS personal computers. This version displays a 
single command line interface window and a graphical window for display of created 
graphic objects similar to operation on Unix systems with X windows. The analysis uses 
standard PAW commands and user created macros for all of the analysis presented in this 
work. Outlined below are examples of how PAW is used to analyze data once then-tuple 
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data structure is created. PAW' s strengths are its flexibility and complete user control of 
operations. 
Data are loaded one n-tuple at a time by command line input. Multiple data sets 
can be open in PAW but only manipulated one at a time. Switching between data files is 
equivalent to changing directories in DOS. The most basic and fundamental operation in 
PAW is the ability to 'cut' data. Cuts of data allow users to define the particular data 
regions as special subsets. These data subsets can be operated on with logical functions 
to create specialized data selection criteria. Cuts of data can be defined graphically in 
two-dimensional plots by drawing a contour around data to be included or by command 
line input definitions. The utility of the cuts is the ability to combine cuts and use them 
in further analysis or plotting. 
The PAW functions used extensively for the analysis of data from these 
experiments include function fitting, plotting and data visualization. Two and three 
dimensional plotting are available in PAW allowing creation of plots of large 
manipulated data sets. The cuts defined above can be used to select the particular regions 
of the data to be plotted. PAW allows user control over many aspects of information 
displayed in a plot. Once plots are created PAW tools can be used to identify and locate 
information in the plots. These include the ability to determine the x-y position of a plot 
feature. PAW also allows for the integration of plots using visual tools to define the end 
points. This feature is used extensively in this work. Fitting routines built into PAW 
include Gaussian, exponential and polynomial fit functions. The user can also define 
functions to use in fitting. These routines return the fitting parameters, errors and x2• In 
this analysis a macro is created to fit multiple Gaussian functions to the secondary 
fragment spectra. 
6.1.2 Calibration 
The first step in the analysis of all data is the creation of a calibration file for use with the 
Write_PAW program. The calibration analysis is performed on the data created during 
the experiment with the automated calibration system. The software is set to send DC 
voltages at various values to the preamp calibration circuits for each detector. This 
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process measures the real response of the entire electronics chain to an input. The values 
are chosen to span the response of the full range of the detectors. The ADC values used 
in the automated calibration sequence were 41, 82, 205,410, 819, 1638, 2867 and 4095. 
The processing begins in PAW with the creation of histograms of ADC channel vs. 
number of counts. The calibration signals appear as narrow peaks with all other values 
near zero counts (See Figure 6-1). To identify each input, cuts are applied to the data to 
select each calibration value individually. This reduces error in misidentification of a 
signal. Once the cut is made a new histogram is created, as before, but only displaying 
the single calibration signal. PAW is then used to measure the placement and width of 
the calibration signal in ADC units. This process is repeated for all of the calibration 
signals for each detector. This information is then used to create calibration factors by 
performing a linear fit to the data in a plot of input Me V value verses ADC measured 
value. The input value in Me V was set in the bench top calibration setup. The 
calibration factor is the slope of this linear fit in MeV/ADC. This fit is augmented by the 
pedestal or zero off-set as described below. 
6.1.3 Random Trigger 
To complete the calibration of ADC channel number to MeV deposited, the amplifier DC 
offset or pedestal must be measured. Amplifiers produce a small DC value when the 
input to the amplifier is zero. This offset shifts all amplified signals to a higher value and 
must be accounted for in the calibration. Pedestal is measured by sending random trigger 
events with no calibration input. Once collected in experiment the data are analyzed 
using PAW by methods similar to that outlined above for calibration. A histogram is 
created of ADC counts verses number of events. These plots show a single peak 
typically around the 20-40 ADC channel number. The placement of this peak is 
measured in ADC channel number to be used in the calibration linear fit. The pedestal 
value is the zero Me V point in the linear fit and off sets the fit to a positive value of ADC 
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Figure 6-2 Linear Fit to DAC Calibration Data for Silicon Detector. 
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6.1.4 P5D2 Cross Sections 
The calculation of cross sections from PSD2 detector data require a series of 
manipulations and corrections. The number of raw events must first be found and 
corrections made for lost events due to charge changing interactions in the detector array. 
This value is then used to calculate a fragment ratio which in tum is used to compute the 
charge changing cross sections along with the physical properties of the target. The 
charge changing cross sections are then corrected for thick target losses. The corrected 
charge changing cross sections are used to calculate the fragment production cross 
sections, which also have all of the above corrections applied. The statistical error for all 
of the cross section is calculated using the standard propagation of errors method 
assuming the error in the number of counts is the square root of the number. 
Three corrections are needed to arrive at the final cross sections: thick target corrections, 
upstream detector losses, and acceptance corrections. The thick target corrections 
account for multiple nuclear interactions in the target. This corrections and its calculation 
is outlined in detail in section 6.3.2. Detector acceptance correction are discussed in 
detail in section 6.3.1. Ions have a finite probability of interacting in the silicon 
detectors and thus change the spectra observed by downstream detectors. This results in 
a loss of ions that is a maximum for ions of the beam Z and decreases with lower Z. 
This is corrected for by calculating the survival of an ion of type Z in a silicon detector( s) 
of (cumulative) thickness d using the following formula. 60 
_ [ NA P d (J ( A pro} , Z /rag ) ] 
N corr ( z) - N meas ( z) exp A 
The cross section used in this correction is a parameterization of the reaction cross 
section from Townsend and Wilson.89 
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6.1 
6.1.5 Data Selection with PAW 
The cross section analysis in PAW requires several layers of cuts to be applied to the data 
to yield the final information needed for cross section calculations. The cross section is 
calculated using the measured number of particles for each Z. Data are processed first 
to remove the non-primary ions and detector pileup in the up stream detectors. Detector 
pileup occurs because of the finite, 80 µs, digitizing time of the ADC units. There is a 
small probability that another particle will pass through a detector. This is reduced by 
using a low beam intensity. This removes beam contamination and other outlier events. 
The second step is the removal of events where the ion undergoes a fragmentation in a 
detector. Finally a histogram is created using the cuts and the number of particles of each 
charge, Z, are measured. 
Each of the detectors up stream of the target are used to remove non-carbon 
events to reduce background contamination. A histogram of number of events vs. ~E is 
created in PAW for each of the upstream detectors, trigger, d3mmu, PSDl Y and PSDlX 
(See Figure 6-3). Next the locate function is used to identify the position of the carbon 
peak in each of these detectors to an approximate 3 sigma width keeping approximately 
99% of the events in each carbon peak. The upper and lower bounds of the C peaks are 
used to create a PAW cut for each detector. Next the down stream PSD detectors are 
selected and a 2D histogram is created to determine the good events (See Figure 6-4). 
The event selection criteria for the down stream detectors is to exclude charge changing 
nuclear interactions between the two downstream PSD detectors. This cut contour is seen 
in Figure 6-4 and follows the 45° line of correlated fragmentation events. The five 
detector cuts are logically summed in PAW to create the selection criterion for 'good' 
events that is used in all of the following analysis including the SSD data.33 34 
Once the data have been cut for the selected data, a histogram is created to 
identify the number of each type of ion. The histogram is the sum of the PSD2 ~E on the 
x-axis and the number of events on the y-axis (See Figure 6-5). This plot is the basis for 
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Figure 6-5 Energy Loss of PSD2 X+Y. 
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The transformation factor is found by fitting a Gaussian curve to the carbon ion peak in 
the plot. The mean of this peak is used to transform the plot to Zerr using equation 6.2. 60 
Zeff = 6.2 
6) 
Where ~E is the energy loss of a particular particle in the PSD2 pair and ~E(Z = 6) is the 
mean energy loss of a carbon ion in the PSD2 pair. With the x-axis transformed the Zerr 
of a particular peak is now identified (See Figure 6-6). 
To calculate the cross sections of interest the number of events in each peak is 
needed. Two methods were used to accomplish this: simple counting and fitting multiple 
simultaneous Gaussian functions. The multiple Gaussian method is performed using the 
PAW Gaussian fit routine. A macro is created to fit each peak with a Gaussian and then 
smoothly connect the Gaussians by adjusting the parameters. The routine requires the 
user to input the approximate boundaries of each peaks to be fit. These are found using 
the above mentioned locate PAW function. The routine draws the Gaussian curve for all 
of the selected peaks and returns the mean, standard deviation and constant for each peak 
(See Figure 6-7). These are then used to calculate the number of events under the 
Gaussian by the following formula 
N ( z) = .J'2ic A ( z )cr ( z) 
b 
6.3 
Where N(z) is the number of events of charge Z, A is the Gaussian amplitude of the Z 
peak, cr is the standard deviation of the Gaussian curve Z and b is the ~E bin width in 
PAW. This method works well for data where the overlap of the peaks is well defined 
but is problematic for the regions of data where small numbers of events are sandwiched 
between two relatively large peaks and where there is significant overlap. Examples are 
the three-helium coincident peak and the low Z fragments in some data sets. The 
alternative is the simple counting method using the PAW function locate with the 
















0 1 2 3 4 5 6 7 
PSD X2+Y2 (Zeff) 
















0 1 2 3 4 s 6 7 
PSD X2+Y2 (Zeff) 
Figure 6-7 PSD2 X+Y in Zerr with Gaussian Fit. 
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of interest (ROI) are selected and the number of events between the two endpoints is 
returned. The limitation of this method is the determination of where one fragment peak 
begins and the adjacent ends. This method introduces a small error that is accounted for 
in the systematic error for each fragment. The Zeff scale is used as a guide to separate 
events where it is difficult to visually determine the separation point. Additionally they-
axis is plotted on a log scale to aid in the identification of the peak separations and small 
features of the data (See Figure 6-6). 
6.1.6 Fragment Ratio Calculations 
The calculations of cross section are all dependent on the fragment ratio. The fragment 
ratio is defined as the number of particles of type Z divided by the number of total 
particles observed. 
<l>(Z) = #Z 
· # total 
6.4 
With the identification of ions of charge Z the fragment ratio can be calculated. Due to 
the upstream detectors and other material in the beam line before the target, the incident 
beam was not exclusively carbon. Fragmentation of the beam occurred in all of these 
elements and must be removed from the calculated fragment ratio. To accomplish this a 
no-target run was conducted for each experiment to determine the fragment ratio 
spectrum of the pre-target beam. This spectrum was then subtracted from the target 
spectra. 
<l> ( Z ) = <l> ( Z ) measured - <l> ( Z ) bg 6.5 
This background fragment ratio spectra was scaled before subtraction to correct for the 
difference in the total number of primary ions between the background and target spectra. 
This scale factor is the target fragment ratio divided by the background fragment ratio. 
Once applied to equation 6.4 the corrected fragment ratio is. 
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<I> ( Z ) corrected = <I> ( Z ) measured _ <I> ( Z ) bg <I> ( 6 ) measured 
<I> ( 6) bg 
6.1.7 Charge Changing Cross Sections 
6.6 
The number of events of each fragment type determined above are used to calculate the 
charge changing cross sections. The charge changing cross section is the probability of 
changing the beam ion Z to Z-n where (Z-1 )< n <O by nuclear interactions and n is 
number of removed nucleons. All cross sections measured are reported in mb. This 
measure excludes the primary ion neutron stripping interactions and is restricted to the 
elemental resolution. No isotopic information was available in this experiment. 
The charge changing cross sections are functions of the target properties and the 
fragment ratio of the primary ion.60 
A1g1 
O' cc = ---ln( <I> Z;c6) 
Napx 
6.7 
Where Atgt is the target mass Na, is Avagadro's number, pis target mass density and xis 
the target thickness in the beam direction. The cross sections for Hydrogen targets are 
calculated from the CH2 and C target cross sections as follows. 
cr ( H ) = 0 . 5 [cr ( CH 2 ) - cr ( C ) ] 
6.1.8 Fragment Production Cross Sections 
The fragment production cross sections are calculated as a function of the charge 
changing cross sections using the corrected fragment ratios. 60 




Where the sum is over all fragments excluding the primary ion and the Otgt is a thick 
target correction and the subscripts p, s, and t indicate the projectile, fragment, and target 
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respectively. The thick target factor is a correction for the gains and losses of ions due to 
multiple interactions in the target. The calculations of these factors are outlined in 
section 6.3.2. 
6.2 Silicon Strip Detector 
The analysis of the silicon strip detector is analogous to the analysis used with the PSD2 
data. The major difference is that it must be applied to all 32 SSD channels and most 
importantly it must be processed event by event for all channels. The need for an event 
by event analysis arises in the application of the SSD in the measurement of high 
multiplicity final states from the fragmentation events. This leads to multiple SSD strips 
involved in measuring multiple ions simultaneously. This type of analysis is not possible 
in PAW. For this reason a proprietary analysis tool is developed. This program is an 
automated routine to search for multiple ions in each event and identify their identity and 
position. The program uses this information to calculate other quantities of interest. 
The analysis tool SDAT (Silicon strip detector Data Analysis Tool) was created 
on the framework ofWrite_PAW written by C. Zeiltin at LBNL. Write_PAW is used to 
create n-tuple files for PAW from the raw hexadecimal data recorded during the 
experiments. The program searches the raw data for good events marked in the data by a 
unique sequence of hexadecimal numbers. The program then reads the following data 
checking for each detector's signal. When all criteria are satisfied the event is passed 
forward to the calibration routine. The SDA T program borrows the ability to manipulate 
the raw data and format it using information about the experiment. This framework is 
then extended to allow the user to perform analysis on the SSD data in an automated 
event by event format. The program identifies each particle based on its Zeff . Once 
particles are identified in an event they can then be correlated with other particles. The 
program allows the user to create position plots of specific ions, measure the mean 
distribution of certain classes of events, define regions of interest and apply cuts defined 
externally in PAW. The program outputs the total number of counts of each type of 
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particle identified as well as correlated events where two or more ions are present. 
Position is determined by the correlation of events in X and Y strips. 
6.2.1 Calibration 
The events read by SDAT are in the hexadecimal format as recorded during the 
experiment. These data must be calibrated as before using the calibration data collected 
at the experiment to determine the energy loss in the detector. However in this 
experiment the calibration circuits of many SSD channels were not working properly. 
This leads to difficulty in obtaining the calibration factors. Where the data were available 
and deemed to be reliable the DAC calibration was used. An alternate method was used 
for the non-working calibration circuits. 
The adapted procedure used to determine the calibration factors is the same as in 
the Zeff transformation. First PAW is used to create plots of good events as defined in 
section 6.1.4 for the target-out runs for each SSD channel. Then a the Gaussian fitting 
routine is used to determine the mean placement of the carbon peak in ADC channel 
number. Next the eloss program developed by Zeitlin is used to determine the actual 
energy loss of the primary ions in the SSD. This deposited energy in the detector is the 
value used to calibrate the detector. The LiE calculated is equivalent to the ADC channel 
number measured for the carbon peak. These data are used to calculate the energy 
calibration factors. 
With the determination of the calibration factors by one of the methods above the 
calibration files are created and the Write_paw routines for energy calibration are 
retained. Once the energy calibration is complete each SSD strip data is now in a LiE 
format. Next a calibration is applied to transform the LiE information into Zeff• PAW is 
used to evaluate each SSD channel as outlined in section 6.1.4 for the PSD2 data. The 
placement of the carbon peak is measured and a Gaussian is fit to determine the mean 







The factors are read in from a file created for each run. In the case of a non-working strip 
the calibration factor is zero. After calibration the strip order is rearranged for the 400A 
MeV experiment due to an external wiring reversal. This problem was identified using 
PAW and the proper order determined using the PSD2 position signals to check the true 
order of strip signals. This was accomplished by creating a cut that was the correlation of 
events between a single strip and the PSD. When plotted in a histogram the position of 
each strip is determined relative to the other strips. With the order correct the calibrated 
data is written to an array and passed to the counting subroutine. See 
Table 6.1 for a map of the 400A MeV x-axis channel numbers. 
6.2.2 Event discrimination 
The events are processed by a subroutine to determine the identity of each particle 
present in the calibrated data. This is the most time consuming part of the PSD analysis 
as performed in PAW. Each charge peak is counted using multiple PAW commands and 
Table 6.1 The 400A MeV SSD X-Strip Map. 










is reliant on the operator's skill at determining the separation between events. It is not 
possible to use this method in PAW for the SSD data and access the multiplicity 
information. Event by event counting is only possible when all SSD channels for each 
event can be read simultaneously. Once calibrated to Zerr the data are processed by 
binning. Bins are created for each ion type, pedestal, and the three helium coincident 
events (See Figure 6-8 and Table 6.2). 
The errors associated with this binning are examined using the multi-Gaussian fit 
described in 6.1.6. The overlap region is calculated for each of the peaks at the binning 
value to determine the probability of events of type Z in the Z - 1 and Z + 1 bins. This 
analysis shows that the systematic error introduced in this binning is at worst 1.5% for all 
events excluding the 3-He and H binning. The 3-He events have approximately 12% 
overlap at both the lower and upper boundaries. The H peak is overlapped by the 
pedestal by a significant amount, varying by approximately 30% to 60% depending on 
the target. These properties are also applicable to the PSD2 analysis. 
Table 6.2 Event binning in SDAT. 
Upper bins are inclusive of end point. 
Event ID Lower Upper 
Pedestal 0 0.85 
H 0.85 1.5 
He 1.5 2.5 
Li 2.5 3.4 
3-He 3.4 3.7 
Be 3.7 4.5 
B 4.5 5.5 
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Figure 6-8 SDA T Binning of Events. 
6.2.3 Event Counting 
After each event is identified as belonging to one of the seven event categories, they are 
passed to the event counting routine. This routine indexes a counter each time a 
particular event is observed. The routine counts in two formats. First it indexes the 
tallies for each particle when one is observed regardless of what else is present in the 
event ( other 31 strips). The second format is an X or Y correlation count where 
particular groups of events are required for the indexing of the tallies. Examples are the 
Be+He, 6H, 3He and 2Li events. All of the possible fragmentation outcomes are tallied 
for both the X and Y sides individually as well as unique representative events and 
consistency checking event. The representative events are used to count events where all 
of the fragmentation products may not be present in the detector. An example is the Li + 
He + H event. The Li + He coincidence uniquely identifies this event and it is assumed 
that the H ion missed the detector due to detector acceptance or misidentification because 
of pedestal overlap. The consistence checking events are unlikely events such as two C 
ions. This possibility should be very insignificant due to event triggering and is typically 
less than 1 % of all events. An example output from the SDAT code is seen in Figure 6-9. 
6.2.4 X-Y Correlated Events 
Events can be correlated in X and Y to determine the position of the event. This 
information allows the use of region of interest (ROI) measurements where user specified 
regions of the detector space are analyzed. Additionally the X-Y correlated events are 
used to determine the spatial distribution of selected events. 
The basic procedure is the same as in section 6.2.3 but logical functions 
are used to relate events between both sides of the SSD for single and multiple particle 
events. The X-Y events are labeled in the SDAT output as the ROI events at the bottom 
of Figure 6-9. Note that there are fewer events in the X-Y correlated events compared to 
the X or Y events. This is due to non-working strips on both the X and Y SSD sides. 
There are also losses of events due to inter-strip charge sharing. It is possible for a 
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sum5309_frag_all.dat 
Total number of events read 
19496 
region of interest is X 1 x16 y 1 y16 
ssd_x totals 
lp 2p 3p 4p Sp 6p ptot 
1840 453 249 117 105 15 2779 
lhe 2he 3he he+4p 2he+2p he+li hetot 
4247 1198 140 28 13 299 5585 
lli 2li li+3p li+p+he litot 
1233 60 7 11 1293 
lbe 2be be+2p be+he betot 
710 7 14 101 717 
lb 2b b+p btot 
1786 7 280 1793 
le 2c ctot 




lp 2p 3p 4p Sp 6p ptot 
6463 1914 603 324 131 46 9481 
lhe 2he 3he he+4p 2he+2p he+li hetot 
4775 1724 218 49 107 493 6717 
11i 2li li+3p li+p+he litot 
1647 64 51 157 1711 
lbe 2be be+2p be+he betot 
865 13 111 162 878 
lb 2b b+p btot 
2249 11 889 2260 
le 2c ctot 
862 3 865 
three alpha 
149 
Region of interest values 
lhe 2he 11i 3he he+li 
2914 1138 666 168 205 
6p 2he+2p he+4p 2li 
0 1 3 5 
li+3p li+p+he b+p b 
0 4 91 1637 
be+2p be+he be C 
1 59 581 659 
Mean and S.D. for 2-alpha dist 
Mean= 17.554 s.d.=11.15982 number of events= 1126 
Mean and S.D. for 3-alpha dist cir-fit 
Mean= 12.852 s.d.= 5.50357 number of events= 102 
Mean and S.D. for 3-alpha dist lin-fit 
Mean= 15.225 s.d.= 4.34304 number of events= 54 
Figure 6-9 SDAT Output. 
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particle to deposit its full energy in the Y side ( closer to beam) and hit the inter-strip 
region and deposit its energy between two X strips and vice versa. The probability of 
charge sharing is based on the geometry of the detector and direct PAW measurements is 
significantly less than 1 %. This is supported in the literature in experiments where micro 
strip detectors have been used to determine the width of charge sharing. The extent of 
charge sharing for relativistic fragmentation products in reference 51 for a 1.5 Ge V 12C 
projectile on a Pb target is approximately 100-300 µm. 
6.2.5 SSD Cross Sections 
The SDA T program is used to extract information from the data for high multiplicity 
events not possible in the previous experiments. The new information is used to examine 
two problems seen in previous data. Two fragment peaks present in the previous data 
from PSD2 type analysis were thought to consist of sums of multiple particles. This was 
indirectly measured in experiments by the LBL group using various acceptance detectors 
to infer their contents. The SSD data are direct measurements of these multi particle 
events. The first event is the PSD2 Li peak where in addition to single Li ions, two 
coincident He particles with a Zeff of ~2.8 also contribute to the peak. The second is the 
three He event category where three coincident He particles are observed. This event is 
observed directly in the PSD data due to its Zeff of ~3.5 where it is between the Li and Be 
peaks. To determine the true nature of these peaks SDAT is used to determine the 
identity of all the events that contribute to each of the PSD2 peaks. First the PSD2 
analysis is used to measure the cross sections of each of these events as outlined in 
section 6.1.4. Then PAW is used to create cuts that select the events in each of these 
peaks. Three He and Li cuts are made. PAW then dumps these event numbers to a 
binary file to be read by SDAT for event selection at runtime. SDAT then is executed 
with the data cut in PAW to determine the event types contained in these selected peaks. 
Exclusive cross sections are measured using the SSD data and the SDA T analysis 
program. Event categories are set up in SDA T to count the events of interest. All of the 
possible fragmentation outcomes are measured from 6 H to C with no isotopic 
information. 
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These data have several caveats that must be considered when interpreting the 
data. First the lack of a fully working detector in both the X and Y axis reduces the 
number of measured events. These non working strips present the problem of missing 
events where the number is dependent on the Z of the missed particle. This is due to the 
differing transverse momenta of the various particles. For a missing strip near the beam 
center more of the heavier fragments are missing. The light fragments have larger 
transverse momenta and are more distributed from the beam center. In the case of the 
290A Me V data several strips near the beam center are missing on both X and Y sides 
making the errors significant. In the case of the 400A Me V data all of the Y strips are 
working properly and it is expected that all present events were measured within the other 
systematic errors. In addition to missing strips the H events are unreliable due to the 
significant overlap with the preamp DC pedestal. Therefore H events are not useful for 
the determination of exclusive events. This leads to the use of representative events that 
uniquely identify fragmentation product groups. These representative events exclude the 
Hin each event category. It is also possible to use single particle counts to determine the 
number of events such as B for B + H. Table 6.3 identifies the representative events used 
for the exclusive cross sections. 
Table 6.3 Exclusive Cross Section Event Counting. 




Li + He + H Li + He 
Be+ H 1 Be 
B+H B 
5 
6H Fragtot- Lfrag(z) 
2 
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6.2.6 Three Alpha Spatial Distributions 
Additional analysis was performed on the three He events to determine the spatial 
distributions of the events. This was accomplished using the correlation techniques 
outlined in section 6.2.4 for X-Y events. The case of three He particles is a special one 
due the fact that three particles are identified in X and Y with the same Z. They are all 
binned as He particles. There are nine possible positions for the three particles as seen in 
Figure 6-10, when excluding multiple hits on one strip. These correspond to the 
intersection of each of the 3 X and 3 Y strips. This ambiguity is removed by looking at 
differences between the Zeff of an X strip and the three Y strips. If the detector response 
is uniform between strips, as expected with proper calibration and linear signal response, 
the ~E and hence the Zeff should reasonably be similar in the strip on the opposite side. 
The three He position routine searches for the smallest difference between two X and Y 
strips and identifies this as the first He position. Next it searches the four remaining strip 
intersections for the minimum difference in Zeff and identifies it as the second He 
position and finally assigns the remaining X Y pair as the position of the third He. 
Once the position of the three He particles is determined the distance is calculated 
between the center of the beam and the position of the He particle. The mean and 
standard deviation of the three He distance from beam center are reported in the output 
from SDAT. An alternate method of calculating the mean distance is also reported in the 
output as cir-fit. This is the radius of the circle that the three He particles uniquely define 
in the plane of the detector. The mean and standard deviation is reported for this method 
as well. This routine allow events where multiple He particles hit a single strip. In the 
case of two He ions incident on a single strip the output of that strip is counted as a Li 
particle due to the Zeff of this combination being 2.8 charge units. The routine looks for 
events where three He particles are identified in one axis but one Li and one He are found 
in the other (See Figure 6-11). This indicates that two of the He particles were incident 
on a single strip. This accounts for the larger number of counts in the circle fit routine 
compared to the other method. The locations of the three He particles in this case are 
arbitrarily assigned before the circle fitting routine is used. 
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Figure 6-11 Three He Event with Two He Striking One SSD Strip. 
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SDA T also creates files of plotting data for the distribution of three alphas as well 
as that of single and two C events. These data are in a 16 by 16 matrix that is 
accumulated by SDAT as particles of these criteria are identified. Each time a three He 
event is found the position of each is indexed in this matrix. At the end of the analysis 
the file is written to disk in text format for later analysis and plotting with other software. 
Errors attributed to the three He positions are related to the lack of linearity and 
calibration of the individual SSD strips. In addition many events are missed due to non-
working strips and, to a much smaller extent, the inter strip charge sharing. These events 
are also under represented from acceptance considerations where one or more He 
particles may not strike the active detector volume. 
6.3 Thick Target and Acceptance Corrections 
Several correction are applied to the data to arrive at the cross sections reported in the 
results section. These corrections are necessary due to the departure of experiments from 
the ideal. The corrections made are for detector acceptance and thick targets. 
6.3.1 Detector Acceptance Corrections 
The acceptance of a detector is defined as the solid angle subtended by the detector at a 
distance from the target center. The acceptance is reported as the half angle subtended 
between the beam axis and the ray between the target center and the edge of the detector 
and are found in Table 5.1. Particles created during the fragmentation process are 
scattered at various angles related to the transverse component of momentum. As 
detector acceptance gets smaller the probability of a particle passing through the detector 
decreases. The probability of detection is also a dependent on the Z of the projectile 
fragment. The probability decreases with decreasing Z. Therefore correction factors are 
used to correct the cross sections for each Z at each detector. 
The code used to produce the acceptance corrections was developed by C. Zeitlin 
at LBNL.57 This code is described in the appendix of reference 60. The code uses a 
Monte Carlo model of fragmentation to simulate the experiment. The transverse 
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a Gaussian function.64 The code produces fragments of a particular Zand A in the 
physical center of the target and transports them using a Monte Carlo method that relies 
on NF2 fragmentation cross sections. The energy of each fragment at the target center is 
estimated for each fragment due to energy loss in the upstream detector elements. The 
code also includes the coulomb scattering of projectiles that is most important for targets 
with large atomic mass A. The program uses Moliere's method to include this effect.83 
The correction factors are the ratio of events that are observed in the detector area divided 
by the total number of trials. Sample output of this program is seen in Figure 6-12. 
6.3.2 Thick Target Corrections 
Cross section experiments are ideally done using foil targets. A thin foil reduces the 
likelihood of a second interaction in the target. However there is a tradeoff, the number 
of fragmentation events is very small requiring a much longer experimental run time to 
acquire enough events to reduce statistical errors. The compromise is the use of thicker 
targets to reduce the time required for each experiment. This is a necessary compromise 
due to the limited accelerator beam time in most high energy experiments, not to mention 
the cost. Therefore corrections for the multiple interactions in the target must be made. 
The thick target corrections used for all of the cross sections presented in this 
paper are calculated using the Monte Carlo thick target routine developed by C. Zeitlin at 
LBNL and outlined in detail in reference 58. This code uses the same multifragmentation 
Monte Carlo transport formalism found in the other LBNL codes. It uses the NF2 
fragmentation cross sections in the transport calculations. The code simulates the 
multiple fragmentation of a beam of primary ions in the target and calculates correction 
factors that are applied to the cross sections directly. The target correction factors are the 
number of fragments of type Z that emerge from the target divided by the total number of 
trials. Sample output of this code is seen in Figure 6-13. 
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Acceptance simulation for run number 5309 
Beam Z = 6., A= 12. E = 387. 
Target z = 13., A= 27., depth 
Gaussian beam profile with sig_x = 
1.30 cm, rho*x 
0.40, sig_y = 
3.500 g cmA-2 
0.40, x_center 0.000, y_center 
0.000 cm 
Coulomb scattering is on. 
PIO square det. 4.95 cm, 28.50 cm from tgt center, theta approx. 4.96 deg. 
PIO det. radius 2.00 cm, 75.50 cm from tgt center, theta 1. 52 deg. 
PIO det. radius 2.00 cm, 77.50 cm from tgt center, theta 1. 48 deg. 
PIO det. radius 1.10 cm, 90.50 cm from tgt center, theta 0.70 deg. 
PIO det. radius 1.10 cm, 92.50 cm from tgt center, theta 0.68 deg. 
PIO square det. 5.00 cm, 112. 50 cm from tgt center, theta approx. 1. 27 deg. 
PIO square det. 5.00 cm,371.50 cm from tgt center, theta approx. 0.39 deg. 
Trigger detector radius = 0.39 cm. 
Divergence of incident beam= 0.0100 radians. 
Sigma_0 in MeV/u/c = 78.85 
Fracn detected primaries 1.00000 0.99908 0.99867 0.84349 0.83362 0. 99775 0.54389 
z A sig_th SSD PSD2Y PSD2X D3MM1 D3MM2 SCINTl SCINT2 
-------- -------- -------- -------- -------- -------- --------
6 12 0.345 1. 0000 0.9991 0.9987 0.8435 0.8336 0.9977 0.5439 
5 11 0.622 1.0000 0.9555 0.9494 0.5738 0.5603 0.9383 0.3150 
5 10 0.923 1.0000 0.8592 0.8482 0.4415 0.4306 0.8312 0.2341 
4 9 1.191 0.9999 0. 7611 0.7485 0. 3 573 0.3476 0.7295 0.1877 
4 8 1. 459 0.9994 0.6696 0.6562 0.3006 0.2924 0.6392 0.1548 
3 7 1.744 0.9971 0.5904 0.5777 0.2552 0.2480 0.5604 0.1296 
3 6 2.063 0.9887 0.5169 0.5051 0.2202 0.2141 0.4905 0 .1119 
2 4 2.918 0.9338 0. 3811 0. 3715 0.1565 0.1516 0.3592 0.0800 
2 3 3.574 0.8708 0.3183 0.3098 0 .1300 0.1264 0.2994 0.0657 
1 2 4.614 0.7660 0.2504 0.2436 0.1005 0.0976 0.2362 0.0497 
1 1 6.844 0.5799 0.1714 0.1666 0.0691 0.0672 0.1612 0.0351 
Figure 6-12 Detector Acceptance Simulation Code Output. 
Probability of non-charge changing int= 7.02206E-02 
Prob. of primary--> Z= 5 is 0.164268 
Prob. --> Z= 4 is 5.60639E-02 of primary 
Prob. --> Z= 3 is 9.97333E-02 of primary 
Prob. --> Z= 2 is 0.201206 of primary 
Prob. --> Z= 1 is 0.408508 of primary 
For z 43. 7511 1, MFP 
ForZ 17.7044 2. MFP 
For Z 14. 5982 3. MFP 
For Z 11. 4198 4, MFP 
For Z 11. 6585 5, MFP 
For Z 10. 6678 6, MFP 
For primary, MFP 9.91871 including non-charge-changing interactions. 
z Fluence +- N(Z) sig(inf) sig(tru)/sig(inf) 
--------- ----------- -----------------
6 0.861752 0.000415 4308759 823.85 +- 0.00 1. 00048 +- 0.0000 
5 0.022869 0.000068 114343 136.34 +- 0.40 1. 06806 +- 0.0032 
4 0.008036 0.000040 40181 47.91 +- 0.24 1. 03732 +- 0.0052 
3 0.014311 0.000053 71556 85.32 +- 0.32 1. 03620 +- 0.0039 
2 0.030438 0.000078 152191 181.48 +- 0.47 0.98288 +- 0.0025 
1 0. 062594 0. 000112 312970 373.19 +- 0.67 0.97039 +- 0.0017 
THE FOLLOWING REFER TO INTERACTIONS IN THE TARGET ONLY! 
0 ints happened 4260940 times. 
1 int happened 720572 times. 
2 ints happened 18302 times. 
3 ints happened 183 times. 
4 ints happened 3 times. 
5 ints happened 0 times. 
Figure 6-13 Thick Target Correction Code Output. 
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7 Results and Discussion 
The results presented here are arrived at following the preceding analysis procedures. All 
cross sections are reported in mb. These cross sections are the measured cross sections 
from both a traditional analysis following previously used procedures and the new data 
from the silicon strip detector system. Results from the new SSD system reveal new 
information about the events studied in previous experiments allowing for correction of 
that data. In addition, entirely new measurements are presented for the data on exclusive 
fragmentation cross sections and the spatial distribution of three-He events. 
7. 1 Charge Changing Cross Sections 
The charge changing cross sections as calculated from the PSD2 detector data are 
reported Table 7.1. These data have the corrections for losses in the detector stack, thick 
target, and in the case of the Pb targets, the corrections due to acceptance. In all cases 
except Pb targets the acceptance ratio is approximately 1 as reported in the correction 
program for C ions. The majority of the losses in the Pb target are attributed to the 
Coulomb scattering of the C ions in the target due to its high charge number. The error 
includes both the statistical errors and the systematic error of 3%. The systematic error is 
that applied from former data as multiple runs of the same targets were prohibited in this 
experiment. These are taken from Zeitlin in reference 60. 
Table 7.1 Charge Changing Cross Sections in mb. 
Target 290A MeV 400 A MeV 
12c 731.6 ± 10.4 648.9 ± 32 . . 
21AI 1136.3 ± 56.9 1020.6 ± 51.0 
64Cu 1704.2 ± 85.3 1597.1 ±79.9 
io1Pb 4796.4 ± 240.2 3324.0 ± 166.9 
CH2 993.8 ± 49.7 950.3 ± 47.6 
H 175.4 ± 9.4 199.6±10.5 
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These data follow the general trends of previous data. The data are in the region of 
decreasing cross section with increasing energy. The reported cross sections for H suffer 
from the compounded error from the measurements of C and CH2• These data are 
compared with various models and experiments in section 8.1. 
7.2 Fragment Production Cross Sections 
Fragment production cross sections are reported for the PSD2 detector data below (See 
Table 7.2 and Table 7.3). The corrections applied to the data include the loss in silicon, 
thick target, and acceptance corrections. These cross sections include the three He and 
Be+He events explicitly as they are observed in PSD2. The cross sections are in mb. 
The errors include the statistical errors and the systematic errors. The systematic errors 
include the contributions from particle ID (1.5%), experimental errors (3%), and errors 
associated with the corrections (3%).60 The suppression of Be production is observed 
across all of the targets. This is thought to be related to the direct decay of 8Be to 2 He. 
The NUCFRG2 code predicts that 
Table 7.2 290A MeV Fragment Production Cross Sections in mb. 
Tar ets B Be+He Be 3He Li He H 
H 29.8±5.2 1.2± 0.4 7.4±3.2 5.3+0.7 18.4± 3.1 54.0± 5.8 31.4±5.4 
C 87.9± 5.3 1.4± 0.3 27.8± 1.9 4.5±0.3 78.3±4.3 250.1± 13.2 157.4± 8.5 
Al 114.4± 7.6 0.1± 0.5 31.8± 2.7 4.4± 0.4 98.9± 5.7 305.3± 16.2 1424.9± 75.7 
Cu 138.5± 8.2 1.1±0.1 43.7± 3.3 5.1±0.3 116.2± 6.5 423.8± 22.4 2749.4± 145.6 
Pb 9± 1.2 247.2± 13.6 3150.4± 165.2 3603.1± 189.7 
CH2 142.2± 7.8 2.6±0.2 39.2± 2.8 9.8± 0.6 99.4± 5.5 270.5± 14.5 160.0± 8.9 
Table 7.3 400A MeV Fragment Production Cross Sections in mb. 
Tar ets B Be+He Be 3He Li He H 
H 10.2± 2.8 4.0± 1.0 3±3.8 89.6±6.9 45.3±6.2 
C 81 .1±4.5 1.4± 0.2 28.2± 1.7 5.0± 0.5 69.1± 3.8 229.2± 12.1 296.4± 15.5 
Al 111.5± 6.6 3.5± 0.4 38.9± 2.7 6.0± 0.8 98.5±5.5 324.4± 17.2 364.7± 19.5 
Cu 139.3± 8.7 2.0± 0.6 55.5± 3.9 12.1± 1.4 130.6± 7.4 440.8± 23.5 756.7±40.5 
Pb 218.1± 19.3 7.7±2.0 81 .8± 7.0 14.6± 3.8 0 .8± 13.5 2059.9± 109.0 2089.5± 111.5 
CH2 162.7± 8.9 2.8± 0.3 48.6± 3.2 9.1±0.7 151.8± 8.2 408.0± 21 .6 388.1± 20.7 
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approximately 60% of all Be fragments produced are 8Be. This is also an important 
contribution to the Li - 2 He problem discussed in detail in section 7.3. The H fragments 
of all targets are unreliable due to the large geometric acceptance corrections. Again the 
Pb target is a particular challenge due to its high Z and its subsequently large Coulomb 
scattering effect. 
7.3 Fragment Production Cross Sections of Li and Three-He 
The PSD2 fragment production cross sections for the Li and three He events are known 
to be composed of multiple events. The contributions to these PSD2 cross sections as a 
fraction of the cross section and as the contribution of the cross sections are found in 
Table 7.4, Table 7.5, Table 7.6, Table 7.7. In addition the mean and standard deviation of 
the ratios are presented as a means to correct data previously measured by this group. 
These ratios are relatively independent of energy and target for the Li components. 
Conclusions are difficult with the three He data due to the low number of events 
observed, particularly for the Pb target data. The cross sections reported are the fraction 
for that contribution multiplied by the cross section for the associated composite event in 
PSD2. They are reported in mb. The errors are calculated in the same way as the cross 
section contributions. Note the last value in the ratio column is the sum of the ratios and 
indicates the unaccounted for events. 84 85 86 
Events identified as Li in PSD2 are composed of true Li events and two He events 
in the SSD. The true Li component is approximately 50% of the PSD2 value across all 
targets at both energies suggesting a process that is proportional to both. It is proposed 
that this process is the direct decay of 8Be fragments into two He. This process is 
proportional to the target and energy as are all of the fragment production cross sections. 
Support for this hypothesis is found in the suppression of Be fragments in the fragment 
production cross section measurements. The two He component of the PSD2 Li events 
are between approximately 25 and 35 percent. Other heavier fragments are found in the 
SSD evaluation of the PSD2 Li data and are thought to undergo interaction in the 
detectors or media between the SSD and the PSD2 detectors. These events introduce 
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Table 7.4 290A MeV Li Fragment Component Cross Sections in mb and Ratios. 
C Al Cu Pb CH2 
ratio cr ratio cr ratio cr ratio cr ratio cr MeanSD 
Li 0.54 19.8 ± 0.7 0.51 12.1 ± 1.1 0.53 28.4 ± 1.3 0.42 33.4 ± 1.8 0.57 33.4 ± 1.0 0.51 ± 0.06 
2He 0.30 11.0 ± 0.4 0.21 5.1 ± 0.5 0.25 13.2 ± 0.6 0.22 17.7 ± 0.9 0.32 18.4 ± 0.5 0.26 ± 0.05 
0.84 0.72 0.78 0.65 0.89 0.23 ± 0.09 
Table 7.5 400A MeV Li Fragment Component Cross Sections in mb and Ratios. 
C Al Cu Pb CH2 
ratio cr ratio cr ratio cr ratio cr ratio cr Mean SD 
Li 0.55 20.9 ± 0.6 0.52 27.7 ± 1.0 0.50 33.6 ± 1.5 0.46 118.7 ± 4.6 0.53 44.0 ± 1.1 0.51 ± 0.03 
2He 0.37 40 0.4 0.35 8 + 06 0 35 23.4 ± 0 0.2 694 ±2.7 0.40 33.7 ± 0.8 0.35 ± 0.05 
0.92 0.87 0.84 0.74 0.93 0.14 ± 0.08 
Table 7.6 290A MeV 3He Fragment Component Cross Sections in mb and Ratios. 
C Al Cu Pb CH2 
ratio cr ratio cr ratio ratio cr ratio cr Mean SD 
Li+He 0.00 0.0 0.29 2.2 ± 0.13 0.22 ± 0.04 0.11 2.2 ± 0.08 0.42 4.1 ± 0.16 0.21 ± 0.16 
3He 0 0.14 1 0,0 009 0.7 0.03 0.09 ±0.06 
Li 0.20 0.9 ± 0.04 0.10 0.8 ± 0.05 0.09 0.5 ± 0.02 0.07 1.4 +0.06 0.16 1.6 ± 0.06 0.12 ± 0.05 
Be 0.13 0.6 ± 0.03 0.18 1.4 ± 0.08 0.04 0.2 ± 0.01 0.04 0.7 ± 0.03 0.05 0.4 ±0.02 0.09 ±0.0 
0.48 0.71 0.44 0.21 0.71 0.49 ± 0.15 
Table 7.7 400A MeV 3He Fragment Component Cross Sections in mb and Ratios. 
C Al Cu Pb CH2 
ratio cr ratio cr ratio cr ratio cr ratio cr Mean SD 
Li+He 0.47 2.4 ± 0.21 0.49 2.9 ± 0.34 0.42 5.1 ± 0.55 0.22 2.7 ± 0.83 0.55 5.0 ± 0.31 0.43 ± 0.13 
3He 0.17 0.9 ±0.08 0.17 1.0 ± 0.12 0.11 1.3 ±0.14 0.24 3.0 ±0.92 0.11 1.0 ± 0.06 0.16 ± 0.06 
Li 0.08 0.4 ± 0.03 0.04 0.2 ± 0.03 0.08 1.0 ± 0.11 0.10 1.2 ± 0.37 0.17 1.6 ± 0.10 0.09 ± 0.05 
Be 0.06 0.3 ±0.02 0.04 0.3 ±0.03 0.05 0.6 ± 0.07 0.00 0.0 ± 0.00 0.08 0.7 ± 0.04 0.05 ±0.03 
0.78 0.75 0.66 0.56 0.90 0.73 ± 0.13 
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error in the final decomposition of the PSD2 Li events. They account for approximately 
20% for the 290A MeV data and 15% for the 400A MeV data. 
Events identified as three He in PSD2 are composed of true three He events, Be, Li, 
and Li + He events. Be and Li single events are contributed from the neighboring 
fragment categories and are approximately 10% each of the PSD2 three He events. The 
true three He events identified in the SSD comprise approximately 10 to 15 percent of the 
events identified as three He in PSD2. The Li+He (Zerr= 3.31) events identified in the 
SSD are 20% in the 290A MeV data and 40% in the 400A MeV data. This suggests that 
the majority of the events identified as three He is the PSD are in fact Li ions coincident 
with a He ion. A major uncertainty in this analysis is the large number of heavier 
fragments that could not be direct contributions to the PSD2 three He events. C and B 
make up a significant portion of the measured events in the SSD varying from 50% to 
70% in the 290 and 400A MeV data respectively. These ions are assumed to undergo a 
fragmentation event between the SSD and the PSD2 detectors. This leaves the question 
of three He contribution as yet unresolved requiring further investigation. 
7.4 Exclusive Cross Sections 
The exclusive cross sections are calculated following the preceding procedure (See Table 
7.8 and Table 7.9). The large errors in these data are due to the number of non-working 
strips in the SSD system. The 400A MeV data are more reliable since all of the Y-axis 
strips were working during these runs. These data were acquired using only the Y-strip 
SSD data due to its higher quality. The pedestal values are a good indication of the 
quality of the measurements. The larger the pedestal as compared to the charge changing 
cross section the larger the uncertainty in the exclusive cross sections. The sum of all 
fragmentation channels and the pedestal equal the charge changing cross sections. Errors 
presented include statistical errors and the systematic errors. The error of the binning 
procedure was measured to be 1.5% at a maximum for all elemental events excepting the 
Hand pedestal events. The systematic errors are estimated to be approximately 5%. 
The exclusive cross sections are measured with the SSD in good agreement with the 
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fragment production cross sections of section 7.2. The sum of exclusive cross sections 
across the leading fragments are in agreement with the fragment production cross 
sections. This suggests that the events identified in SDA T are good alternative measures 
for the exclusive fragmentation products. They are identified in Table 6.3. The Pb target 
data suffer from the same Coulomb scattering losses as the other cross section data and 
are considered too large. The pedestal event categories are large for most targets and are 
approximately 30 to 50 % of the charge changing cross sections. This suggests that there 
are some missing events and it is suspected that they are the 5 and 6 H events as the 
probability of their observation is low due to detector difficulties and geometric 
acceptance considerations. 
Table 7.8 290A MeV Exclusive Cross Sections in mb. 
H C Al Cu Pb CH2 
~uacc 95.4± 5.0 324.8± 17.0 775.9± 40.5 954.0±49.8 2322.4± 121.2 515.7± 26.9 
6H 0.3± 0.1 0.2± 0.1 0.9± 0.1 13.0± 0.7 1.6± 0.1 0.8± 0.1 
3He 2.8± 11 .2± 0.6 94 0.5 44 0.8 52 .8 16.8± 0.9 
2He+2H 16.8± 0.9 38.2± 2.0 37.8± 2.0 74.1±3.9 109.3± 5.7 71 .7± 3.7 
1He+4H 31 .1± 1.6 162.8± 8.5 152.3± 7.9 292.1± 15.3 1374.7±71.8 225.1± 11 .8 
2Li 1.4± 0.1 0.2± 0.1 1.0± 0.0 1.7± 0.1 
• ±0.6 12.9± 0.7 22 0± 1 ±0. 
Li+3H 17.2± 0.9 40.2± 2.1 37.6± 2.0 62.7± 3.3 265.5± 13.9 74.5± 3.9 
Be+He 2.0± 0.1 6.7±0.4 6.6± 0.3 11 .5± 0.6 22.7± 1.2 10.7± 0.6 
Be+2H 6.5± 0.3 32.8± 1.7 32.8± 1.7 42.4± 2.2 122.1± 6.4 45.8± 2.4 
19.8± 1.0 76.7±4.0 84.5±4.4 127.7± 6.7 468.6±24.5 116.3± 6.1 
Table 7.9. 400A MeV Exclusive Cross Sections in mb. 
H C Al Cu Pb CH2 
~d/uacc 48.5±2.5 237.4± 12.4 500.4± 26.1 764.6± 39.9 2084.4± 108.8 334.4± 17.5 
6H -0.4± 0.1 4.1±0.2 12.1±0.6 34.0± 1.8 
3He -2.2± 0.1 1 . 7 23.5± 1.2 32.3± 1.7 
2He+2H 24.3± 1.3 69.9± 3.7 92.4± 4.8 126.7± 6.6 115.5± 6.0 118.6± 6.2 
:1He+4H 54.9± 2.9 137.9± 7.2 161 .6± 8.4 333.7± 17.4 626.0±32.7 247.7± 12.9 
2Li -0.3± 0.1 1.4±0.1 1.7± 0.1 2.0± 0.1 -0.1± 0.0 0.8± 0.1 
Ll+He+H 82±0 20.2± 1.1 39.7± 2.1 40.0± 2.1 36.7± 1.9 
Li+3H 18.0± 0.9 41 .7± 2.2 60.0± 3.1 87.0± 4.5 95.0+ 5.0 77.6± 4.0 
+ e -1 .1±0.1 14.5± 0.8 9.0± 0.5 9.8±0.5 15.0± 0.8 12.2± 0.6 
Be+2H 21 .3± 1.1 19.0± 1.0 43.7± 2.3 63.3± 3.3 59.5± 3.1 61 .5± 3.2 
B+H 41 .9± 2.2 90.0±4.7 122.8± 6.4 162.4± 8.5 225.9± 11 .8 173.8± 9.1 
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7.5 Three He Distributions 
The three He distributions presented are the values measured following the two 
procedures outlined in the preceding discussion (See Table 7 .10 and Table 7 .11 ). The 
number of events observed in each measurement is shown and is an indication of the 
reliability of the values. The low number of observed events is attributed to the large 
number of critical non-working strips in the 290A MeV experiment and the strict criteria 
for selection of three He events. The difference between the two procedures is due to the 
more inclusive nature of the circle fit procedure allowing three He events where two He 
ions strike a single strip. The errors reported are the standard deviation of the measured 
distributions. A plot of the three He distribution is seen in Figure 7-1. 
The three He spatial distributions have a mean value of 3.3° over all energies and 
targets for the most stringent method of event identification. This supports the model of 
three He breakup as a peripheral collision between the target and projectile. The breakup 
is only dependant on the grazing collision that provides enough energy to cause the 
carbon projectile to decay into three He ions. A deeper collision would result in more 
energy deposition and greater fragmentation of the projectile. The less rigorous method 
also exhibits this behavior but has a mean value of approximately 2.9°. Due to the 
number of nonworking SSD strips many events were not identified. The result is an 
increase in the statistical errors. 
The plot of three He distribution is the accumulated positions for the individual 
three He ions in each event for and entire run. This plot clearly shows two features. the 
nonworking strip at X = 9 and the beam center indicated by the dark blue spot. This 
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Figure 7-1 Three He Distribution in SSD Space. 
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Table 7.10 Three Alpha Distributions from 290A MeV 12C Projectile in degrees. 
C Al Cu Pb CH2 
I in-fit 
Mean 3.7 0.6 3.3 0.4 3.0 0.6 4.8 1.3 3.5 0.9 
# event 6 3 15 3 52 
cir-fit 
Mean 3.4 1.3 2.7 1.5 2.6 1.1 5.3 2.1 2.9 1.4 
# event 17 11 31 4 107 
Table 7.11 Three Alpha Distributions from 400A MeV 12C Projectile in degrees. 
C Al Cu Pb CH2 
I in-fit 
Mean 3.3 0.9 3.4 1.0 3.5 1.0 3.2 1.0 3.3 0.9 
# event 96 54 51 12 91 
cir-fit 
Mean 2.8 1.2 2.8 1.2 3.0 1.2 3.0 0.9 2.9 1.2 
# event 196 102 77 19 181 
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8 Comparison with Models 
The measured cross sections are compared with various models and data where available. 
The models selected are those used extensively in the space radiation protection 
community and are intended to directly reflect on the applicability of these models and 
suggest weaknesses thereof. However, there is some difficulty in drawing conclusions 
because many of the corrections applied to the data are in fact calculated using these 
same models. The largest corrections applied are for the He and H fragments for all 
targets. The Pb target is a particularly difficult problem as the corrections for all 
fragments and the charge changing cross sections are large. Therefore, the Pb target data 
are particularly difficult to compare with models. No models were available for direct 
comparison with the multiplicity data of the SSD for the exclusive cross sections, three 
He and two He events. 
8. 1 Charge Changing Cross Sections 
The measured charge changing cross sections are compared with models and data where 
available (See Table 8.1 and Table 8.2). The models selected are the Bradt-Peters charge 
changing cross sections with the parameters from Chen et al,87 88 the NUCFRG2 cross 
section code from NASA LaRC,43 the parameterization of the reaction cross sections of 
Townsend et al and Tripathi et al where the non-charge changing cross sections 
predicted in NF2 have been subtracted. 89 90 The data are also compared with 
unpublished data from C. Zeitlin et al.91 
The measured and calculated cross sections are compared by plotting the 
difference of the experimental cross section minus the model cross sections divided by 
the experimental cross sections vs. target mass number (A) for both energies in Figure 
8-1 and Figure 8-2. The Pb target is a clear outlier on both plots indicating the continued 
need for work on the corrections applied for coulomb scattering in the acceptance 
correction code. The plots indicate reasonable agreement with all of the models 
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Figure 8-1 Comparison of Cross Sections with Models for 290A MeV 12C. 
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Figure 8-2 Comparison of Cross Sections with Models 400A MeV 12C. 
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group at HIMAC in previous experiments is within the experimental error in all cases 
except Pb.91 This is due to the experimental arrangement for those previous 
measurements. The acceptance of the detector was considerably larger thus reducing the 
missed fragments produced with a Pb target. The data are in good agreement with the 
various models for the H, C, Al and Cu targets. The energy dependence of charge 
changing cross sections was also investigated. Data from several sources were used as 
compiled in the NIRS document M-87.92 This document includes data from many 
sources. 93 94 95 96 97 Data for the targets H, C, Al and Cu are presented at energies ranging 
from 200A MeV to 2. IA GeV. The results are seen in Figure 8-3. The new data points 
from this experiment are seen at 290 and 400A MeV. The plots indicate the expected 
spectral shape as seen in other data sets. 
8.2 Fragment Production Cross Sections 
The measured fragment production cross sections are compared with two models (See 
Table 8.3 and Table 8.4). The Silberberg-Tsao NRL model and the NF2 LaRC model.43 
45 In the 290A Me V data the experimental cross sections for Z = 5 fragments are low 
compared with both models. The Z = 4 fragments are significantly lower compared with 
the models as seen in Figure 8-4. This suppression of Be fragments is possibly due to the 
break up of Be8 into two He. 
Table 8.1 Measured Charge Changing Cross Sections in mb at 290A MeV Compared with Models. 
Tar et H C Al Cu Pb 
This work 175.4 ± 37.3 731 .6±22.0 1136.3 ± 34.2 1704.2±51.2 4796.4 ± 144.6 
BP-Chen 642.3 943.7 1465.8 2785.7 
NF2 133.9 760.6 1094.9 1631.3 2944.1 
Townsend 136.1 763.2 1094.7 1632.4 2932.2 
Table 8.2 Measured Charge Changing Cross Sections in mb at 400A MeV Compared with Models. 
Tar et H C Al Cu Pb 
This work 199.6 ± 34.8 648.9 ± 19.5 1020.6 ± 30.7 1597.1 ± 48.0 3324.0 ± 100.1 
BP-Chen 642.3 943.7 1465.8 2785.7 
NF2 135.7 761 .9 1096.8 1633.2 2947.8 
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Figure 8-S Measured Fragment Production Cross Sections in mb for 400A MeV 12C. 
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NF2 predicts the production ofBe8 for the 290A MeV 12C on 12C to be 49.35 mb but does 
not explicitly separate it from the Be elemental fragmentation cross sections. The Z = 3 
fragments are typically within the errors of the NF2 values. Both the Z = 2 and 1 
measured values are large compared to both models with the Z = 1 fragment significantly 
larger. This is attributed to the large corrections produced by the acceptance correction 
code for these light fragments. It is noted that this trend of under prediction by NF2 is 
target dependent with the difference increasing as target mass increases. In general it is 
noted that NF2 better represents the experimental data. The NF2 values for fragment 
charges 5 to 2 are within 10 to 15% of the measured values for the C, Al and Cu targets. 
The problems seen in the H target are related to the indirect measurement with a CH2 
target. The Pb target measured cross sections are well represented by NF2 only for Z = 5 
and 4 fragments. The lighter measured fragments are significantly under predicted by the 
model. The difference may be related to the acceptance corrections, where very large 
corrections are made due to the high target mass and significant Coulomb scattering 
component. 
Table 8.3 Fragment Production Cross Sections in mb at 290A MeV Compared with Models. 
z Model H C Al Cu Pb 
5 29.8 ±5.2 87.9 ± 12.0 114.4 ±7.5 138.5 ±8.2 246.7 ± 17.0 
NRL 71 .1 97.6 120.0 175.8 276.6 
NF2 71 .9 147.4 163.2 186.9 234.9 
Be+He 1.2 ± 0.4 1.4 ± 0.9 0.1 ± 0.5 1.1 ± 0.1 13.9 ± 1.2 
4 7.4 ±3.2 27.8 ±4.1 31 .8 ±2.5 43.7 ±3.3 85.1 ±5.8 
NRL 44.4 80.6 91 .3 111.4 165.9 
NF2 47.5 50.3 55.8 63.8 79.5 
3He 5.3 ± 0.7 4.5 ± 0.8 4.4 ± 0.5 5.1 ± 0.3 20.2 ± 1.3 
3 18.4 ± 3.1 78.3 ±5.8 98.9 ±5.6 116.2 ±6.5 247.2 ± 13.6 
NRL 30.0 60.3 68.4 83.4 124.2 
NF2 20.2 89.6 100.2 115.4 145.5 
2 54.0 ± 4.2 250.1 ± 20.5 305.3 ± 16.1 423.8 ± 22.3 3150.4 ± 165.2 
NRL 20.0 44.7 50.7 61 .9 92.1 
NF2 9.5 177.0 278.9 443.9 852.8 
1 31 .4 ± 5.4 157.4 ±25.9 1424.9 ± 76.1 2749.4 ± 145.9 3603.1 ± 189.7 
NRL NA NA NA NA NA 
NF2 19.3 359.3 566.3 901 .2 1731.5 
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The 400A MeV data follow the same general trends as the 290A MeV data when 
compared to the NRL and NF2 models. The notable exception is the improved prediction 
of the Z = 1 fragments for targets C, Al and Cu. H and Pb targets are outliers for the 
reasons outlined above. 
8.3 Factorization: Strong or Weak 
The concept of cross section factorization has been examined many times in the 
literature for heavy ion fragmentation data. Factorization implies that the fragment 
production cross section of a particular projectile-target system can be separated into 
components. It is expected that the projectile fragments produced in a collision at 
sufficiently high energies are independent of the target struck. This leads to the need for 
fewer measurements of target-projectile systems. The two competing models of 
factorization are the so called strong and weak models.98 99 100 In strong factorization the 
Table 8.4 Fragment Production Cross Sections in mb at 400A MeV Compared with Models. 
Model H C Al Cu Pb 
4 6 ±4.8 .1 ±4 111.5 
99.2 185.5 294.6 
45.6 1 .4 238. 
1.4 ± 0.2 ±0.4 2.0 ± 0.6 7.7 ± 2.0 
2 . 1.7 ±2.7 55.5 ±3.9 81 .8 
58.6 66.5 81 .1 120.7 
49.7 55.2 63.2 79.3 
3He 4.0 ± 1.0 5.0 ± 0.5 6.0 ± 0.8 12.1 ± 1.4 14.6 ± 3.8 
3 41 .3 ±3.8 69.1 ± 3.8 98.5 ±5.5 130.5 ±7.4 206.8 ± 13.5 
NRL 22.6 45.7 51 .8 63.2 94.1 
NF2 20.7 88.4 99.1 114.6 144.9 
2 89.6 ± 5.5 229.2 ± 12.1 324.4 ± 17.2 440.8 ± 23.3 2059.9 ± 109.0 
NRL 15.4 34.7 39.3 47.9 71.4 
NF2 8.6 178.4 280.4 445.1 853.9 
1 45.3 ±6.2 296.4 ± 15.5 364.7 ± 19.5 756.7 ± 40. 2089.5 ± 110.6 
NRL NA NA NA NA NA 
NF2 17.5 362.1 569.3 903.3 1733.7 
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fragment production cross sections are expressed as: 
cr (P,F ,T) = y ;Yr 8.1 
Where cr(P,F,T) is the fragment production cross section produced in the collision of 
projectile P with target T and producing fragment F. They/ is the term containing the 
contribution to the cross section from the projectile and fragment. The YT is the term 
containing the contribution of the target to the cross sections. In strong factorization the 
target's contribution is completely separable from the other parts of the system so that the 
target term for all projectiles and fragments is the same. Weak factorization implies that 
the contribution to the fragment production cross section of the target term in the strong 
form is a function of target and projectile. This form is seen in equation 8.2. 
8.2 
To test for factorization the measured fragment production cross sections were converted 
to ratios with respect to the measured carbon target fragment. Therefore the carbon-
carbon fragments all have ratios of 1. Use of these ratios results in the cancellation of the 
y/ term in each factor leaving the ratio of the target terms. First the strong factorization 
hypothesis is tested by checking the dependence of the ratios to the mass number (A) of 
the target. It would be expected that the factors are of the order AT n where n ~ 1 /3 due to 
the dependence of these interactions on the radii of the targets. The ratios are tested with 
the calculation of the factor n below. 
l_!_J_= (_1n_)n 
Y c Ac 
8.3 
It is expected that n should be 1/3 if strong factorization is favored. Figure 8-6 shows the 
average n values calculated for each of the targets at both energies. The least squares 
value of n for the data excluding the H target is 0.37 ± 0.01 with a x2 value of 4.96. This 
suggests that strong factorization is not excluded but the value of n is not likely 0.33 as 
expected by this simple model. More data are required to reach firm conclusions. 
These ratios are compared with the y factors for weak factorization as determined 
by Olson et al. 98 The theoretical values of the weak factorization target term are given by 
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y PT = g (Ai I 3 + A~/ 3 - 8 ) 8.4 
Where the g and 8 are fitting factors presented in the Olsen paper with g = 0.261 ±0.003 
and 8 = 0.65 ±0.06 for 12C projectiles. The weak factorization factors are calculated and 
the ratios are calculated to compare directly with the measured values. The ratios are 
compared using a plotting technique where the measured values are plotted on the y-axis 
and the theoretical values are plotted on the x-axis. This form of weak factorization is 
not supported by this data as seen in the deviation of the plotted data from the line of unit 
slope (See Figure 8-7). 
The data are compared with a modified version of weak factorization that includes 
fragment contributions but not the projectile. The modified weak factorization term is 
v• = (AI/3 + Al/3) 
I TF ro T F 8.5 
where r0 is the radius of a nucleon. Note that when the ratio of a target to C ion is 
calculated the r0 term cancels. The modified weak factorization values are compared 
with the measured ratios as above using the plotting method (See Figure 8-8). This 
comparison clearly indicates that the H fragments and He the fragments of Pb targets are 
outliers as seen in other analysis. In the inset plot these outliers are removed and show 
good agreement with modified weak factorization. The agreement is particularly good 
for the Al and Cu data. The agreement for carbon is an artifact of the method of ratio 
creation. The data suggest that the strong factorization hypothesis can not be ruled out, 
but the Olson et al form for modified weak factorization is valid over this limited data set 
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9 Summary and Conclusions 
This work represents a novel approach to measurements of high multiplicity final states 
produced in relativistic heavy ion collision with nuclei for space radiation applications. 
The silicon strip detector system presented allows direct measurement of the high 
multiplicity events. Previous experiments with transmission mounted monolithic silicon 
detectors led to the concept of this system. In those experiments several instances of ions 
measured in multiplicity were observed. Attempts were made to indirectly infer the 
nature of these events with the previous detector system with varying amounts of success. 
This detector was conceived as a tool for the direct measurement of these events to be 
implemented with the existing experimental apparatus. The system presented here in is a 
prototype of the device and preliminary measurements are made. The results are 
promising with the first direct measurements by this group of these classes of events. 
Specifically the measurement of three He and two He coincidence is made in the 
breakup of 12C with various targets. The spatial distribution are measured for the three 
He events. In addition measurements of charge changing and fragment production cross 
sections are made. The measurements are of particular interest for the NASA space 
radiation protection program for their use in validation of transport models and 
improvement of nucleus-nucleus interaction models. The cross section results are 
compared directly with the NASA's fragmentation code NUCFRG2 (NF2) where 
possible. This code is used to produce the cross sections used in transport calculations 
for space radiation protection. 
The cross section measurements made are in good agreement with the nuclear 
fragmentation model NF2. The charge changing cross sections are compared with 
several theoretical models with results within the errors for all but the Pb and H target 
data. The H target data were inferred from the measurements with CH2 introducing larger 
errors in the H target data. The Pb target data suffer from degradation due to the strong 
Coulomb scattering in the target affecting the detector acceptance. This is not well 
modeled in the current correction methodologies resulting in large discrepancies between 
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this measurement, other measurements and theory. The measured fragmentation cross 
sections are in good agreement with the NF2 predictions and are in general within 10 to 
20 percent for fragments from B to He. The H and Pb targets suffer the same problems 
as in the charge changing cross sections. The Z = 1 fragments are affected by the 
difficulties in separating these from amplifier pedestal and noise. 
The results from multiplicity measurements of three He and two He fragments 
suggest that many ions contribute to the previously observed spectra. The three He 
events investigated were composed ofreal three He events and Li, Be and Li+He. The Li 
and Be events are the tails of the distributions of these fragments as the Zeff for three He 
is between the two elemental peaks. The Li + He events are a much larger contribution 
than expected prior to this experiment. In the 400A Me V data, where errors due to 
missing strips are minimized, the Li + He contribution to the three He peak is 
approximately 50% and the true three He events are approximately 20%. The Li+ He 
events are most likely from the breakup of 12C to Li + He + H or a secondary 
fragmentation of B to Li + He. In the case of Li + He + H the H is assumed to be outside 
the detector acceptance. A possible explanation for this large Li+ He contribution is two 
He ions coincident on a single strip. The probability of two coincident He on a single 
strip is at most a few percent. This could be resolved in future experiments where all X 
and Y strips are working and correlations between the axis can be reliably established. 
The two He coincident events show similar results. The Li peak is composed of both true 
Li events and two He events. The 400A MeV data indicate that approximately 50% of 
the events are Li with 35% two He. The H and Pb targets are again outliers. These 
results allow the correction of previously measured cross sections in regard to the Li and 
the three He measured cross sections. In both measurements there are a large number of 
higher Z fragments that could not be responsible for the detector response in the PSD2. 
These events then must undergo a fragmentation event between the SSD and the PSD2 
detectors. These events introduce large errors in the three He data. The carbon ions 
present in the SSD are thought to have peripheral interactions and decay directly to three 
He or fragment to 8Be+He and subsequently decay to three He. 
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The exclusive cross sections measured compare well with the measured fragment 
production cross sections. The sum of each exclusive cross section leading fragment 
compares well with the elemental fragment production cross sections. The cross sections 
have a large number of unobserved events indicated by the large pedestal values. The 
majority of these events are likely H events. This is the fragment with the lowest 
probability of detection when considering the systematic error in the experiment and the 
detector acceptance. The thick target and detector fragmentation corrections are applied 
to the exclusive cross sections. The correction factors calculated with the acceptance 
code for the leading fragments are small for all but Z = 1 fragments and are not applied. 
The problems encountered in the other cross section measurements with H and Pb targets 
are also present in the exclusive cross section measurements. 
9. 1 Future Work 
This project's success is a result of the application ofrecent technologies to the problem 
of space radiation protection and more explicitly to the measurement of heavy ion 
fragmentation products. The system described is the culmination of a very low budget 
demonstration of the type of measurements possible with such a system. Future 
improvements to this detector should include improving the electronics and reliability of 
the system, and reducing the physical detector size. 
• Improvements in the electronics should include the addition of preamplifiers that 
can handle the positive (x-axis) signals. This would significantly reduce the noise 
in these channels. The signal routing from the board to the preamplifiers and 
output should be improved. Cross talk and noise was a problem for the apparatus 
and easily can be reduced with changes in the board design. The calibration 
charge injection circuits should be improved for more consistent operation and 
reliability. These systems failed in may cases for unknown reasons. These 
failures require the use of alternate and possibility less accurate methods to arrive 
at calibration factors. 
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• A reduction in the size of the detector, particularly in the beam direction, would 
allow the detector to be placed more closely to other elements. This would allow 
more flexibility in the detector acceptance for the SSD and all detectors down 
stream of it. 
• The major factor impacting this experiment is the reliability of the system. Many 
nonworking strips introduce large errors in some measurements and possibly 
prohibit others. The redesign of the electronics will improve the reliability. 
With the a redesigned detector many of these measurements should be repeated. 
With a fully working detector placed at an optimum distance the exclusive cross sections 
could be more accurately measured. The system should also be used with other 
projectiles and energies to get a better understanding of the dependence of these high 
multiplicity events on beam energy and projectile nucleus. The measurement of spatial 
distributions for the events would also provide information of interest to theorists. In 
addition to these new experimental possibilities the inclusion of new methods in the 
SDAT program should also be considered. Extension of the plotting and distribution 
measurements should be made. Ideally these should include user queries to select the 
types and methods to be used. This program was specifically developed for 
measurements of carbon projectiles, it should be generalized for use with all projectile 
types. Many of the routines already lend themselves to this generalization. 
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